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PROJECT ENGINEER’S EVALUATION

The final draft report for '"Passive Optical Techniques Investigation,'' has been
reviewed by the Project Engineer and is found to be acceptable for publication. The
investigation was sponsored under RADC Coniract AF30(602)-2886,

The purpose of this study and investigation is concerned with the night-time
space surveillance problem of separating orbiting objects in a celestial environment
and the capability of orbital prediction when using ground based passive equipments.

The investigation covered:

a. The faetors effecting detection and trades essential in the utilization
of a candidate system. Since the conditions of the celestial background
and targets cannot be controlled they must be established and trade-
offs made between (1) Lens diameter, (2) Field of view, and (3) Image
time for obtaining the required capability.

b. Separation techniques and combinitions (Hybrid Systems) of which
best applies to the threat present for solution theight, brightness,
velocity of targets, etc.). The evaluation of these techniques is based
on the ability to cancel stars (background) for the range of intensities
involved and the retention of the targets versus its complexity.

Orbital prediction capability from angle only data.

The factors effecting false alarm rate, and detection probability.
e. Some limited measurements of various separation factors.
f. The detection of a target versus orbit height.

The results of this investigation are of great value to the Air Force in the field
of passive optical processing. The complete problem; of spate survcillance has
been investigated, with primary emphasis-on techniques, system trade-offs, and
parameters vital for passive detection, These resilts are essential in the utiliza-

tion of a system capable of performing the passive night-time space surveillance
task. '

BERNARD DITANO
Project Engineer

-
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INTRODUCTION

The principle purpose of this study and investigation is concerned with the
nighttime space surveillance problem of separating orbiting objects in a celestial
environment and the capability of Orbital Prediction when using ground based (ea
passive equipments. The content of the celestial environment, the equipment
parameters, detection theory, separation techniques, and system trades applicei
are emphasized. Information is included to illustrate the effects of some of the
factors when considering other problem areas {discrimination and identification,
high resolution and/or precision position information, etc.).

This report is written in several sections corresponding to the contract stt
items. The theme of each section is noted below.

SECTION . THEME
I Problem Analysis and Techniques Discussions.
1L Equipment Parameters and Trades.
1. Measurements and Evaluation (Part II).
Iv. . System Analysis and Trades.
V. Overall Orbit Prediction Capability (from angle only data).
VL Overall Conclusions (Part II).

Section I includes discussions of problem areas and brief descriptions of the
techniques applicable to space surveillance system tasks. Section II includes
equipment aspects, detection theory, operational theory and linearity and registr
problems, etc. Section 1V includes a'few approaches to system aspects of the
separation problems for baseline separation and single station catalog separation
Section V discusses the Orbit Prediction problem. Since no actual system requir
ments were specified, the report material is presented in a modified handbook
format together with several postulated system configurations, to illustrate appli
cation of its content to this and other electro-optical requirements. Part II of th
report will present general conclusions and recommendations in addition to perio
mance measurenient and evaluation criterion. A glossary of terms and definitior
is included in Part I following the text material.



SECTION I. PROBLEM ANALYSIS AND TECHNIQUES INVESTIGATION

A, GENERAL PROBLEM DISCUSSION AND BOUNDARIES

The separation, discrimination, and identification of a specific object in an
environment with other objects in a night sky background is an extensivr field The
Electro-Optical Space Surveillance Task is concerned with detcction and separation
of the objects from the night environment by passive means; that is utilizing reflec-
ted celestial illumination, primarily the sun. The altitude of objects de¢tecied may
be quite large depending on iscation and the amount of the reflected fllamination and
therefore angular rates may vary from 2 or 30 per sec, to sidereal rate aud even
retrograde, with inclinations from polar to equatorial.

Since low altitude objects (orbiting satellites and baliistic trajectory targets
less than 2000 miles abnve earth surface) are illuminated only a few hours of the
day, they are assumed to be under 24 hr. surveillance by the active radar network.
They are not considered targets for the electro-optical system surveillance task tut
are of concern since they will be detected and would otherwise cause false alarms.
In fact, their appearance rates may account for 80 to 98% of the alarms until their
orbits are established.

In this report we will touch primarily on techniques where separation is detected
using one or more specific object or target characteristic. Discrimination and iden-
tification may also be obtained thru uge of electro-optical techniques and systems but
they are not specifically reported here. The separation techniques applicable fail
into one or more of the following four catégories, namely:

1. Object or Target Signature

a. Spectral dentification
b. Scintillation, tumbling, etc.
c. Variation of lllumination during orbit
Catalogue
Location of Object
a. Depth of Focus °
b. Rate Maneuver
c¢. Celestial Displacement
4. Motion of the Object to Buckground
a. Monocular Systems (time displaced change with respect to background)

b. Binocular Systems (position displaced simuitaneous; 3D displacement
with respect to background)

I-1




1. OBJECT OR TARGET SIGNATURE

Object detection and separation by signature also involves discrimination and
identification by virtue of specific spectral respense, scintillation-tumbling, or
variation of illumination, etc., in that it also distinguishes it from cthers as well
as the background. For spectral identification, the alternate use of band filters to
measure response at specific spectrum bands is the principle technique. Various
photocathode surface responses can be used to extend capability of the method S-10,
S-16, S$-20, S-1, and middle and far infrared tubes and/or detectors with band fil-
ters can also be used, however, energy differences are small (therefore, little use
is considered) except for re-entry.

. For scintillation-tumbling, etc., the variation of returred and collected energy
is analyzed to resolve identifying characteristics and so classifv the objects or tar-
gets involved.

For a vehicle which moves with respect to observer, the amount of illuminatior
and thus reflected energy reaching observer changes according to its motion. The
illumination and phase of illumination are involved in setting the object brightness
and are representative of its motion. The reflected and collected enexrgy by the
detection system additionally varies with the vehicle motion and the phase (angle
position) with respect to the detector. Thus, the extent and rates of change of re-
tarned energy will define an object from others and its background. This change is
difficult to measure with sufficient precision (it is also affected heavily by atmos-
pheric conditions, see Section I-C) in practice and hence has little favor as a single
technique. However, a discussion on the general subject is hardly complete withcut
this much written.

2. CATALOGUEFE

A fundamental method of iecognizing a new target or object is simply to count
and keep track of every object and celestial body, etc. Except when classifying only
larger close-by objecu (which can be practical because of small numbers), the num-
bers get fantastic the least. Total stars to 6th magnitude number approxi-
mately 1- %LE% egree but total stars to 16th magnitude number approximately
2500 per degree®. Thus, until real micro-storage catalogue capacities at fantastic
access speeds are available, this technique will not be considered practical using
computer techniques. It is on the other hand juite practical to use a film or picture
of the field of view and then reference it for a catalogue to find new targets by
(1) using the film to cancel existing stellar objects before being registered on the
sensor or (2) by scanning the pioture and video comparing it to the electronically
scanned sensor present view.

3. LOCATION OF OBJECT

An object can be "depth" separated from a background of other objects by
measuring the focus plane change between object and infinity even though there is
no relative motion during the measuring period. Here we are using the basic prin-
ciples of lens object and image dl-unces as a function of focal length: — the focal
length does not have to be exceptionally iong either. For instance, at 1500 inch
focal length there is an easily recognized change of focus plane for the moon (at
240,000 miles) and the stars (at infinity).
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Practical ranging systems based on this principle have been built and proven
by the GE Company's Advanced Electronics Laboratory at Ithaca (using point de-
tectors).

An object with little or no relative motion during the processing time period
involved can also be "depth separated by use of maneuvers. of the observer or ob-
serving station. The maneuver has to be scheduled accurately or known accurately
for the processing system to distinguish the object with respect to others and/or
the background of objects. The maneuver can be aircraft maneuvers, space vehicle
maneuvers in case of an air or space borne detection system, in addition to pro-
gram ed maneuvers if a ground based system is used. The simplest form of a
ground-based maneuver system is a fixed earth position system; the earth's rotation
providing the maneuver. In this case, the coastant earth rotation of the cbserver
produces a displacement that generates a parallax change of the air or space borne
object to background. When at or near the equator the displacement due to rotation
rate i3 greatest, hut above 700 latitude the relative displacement decreases rapidly
and, of course, is zero at 900 {earth's pole) even though the earth's rotation rate is
unchanged. This method is particularly appropriate for space probe vehicles travel-
ing in celestial space and is one of the simplest to implement in practice. It is de-
scribed here by an example:
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Figure I-1. Parallax Angle of an Object as Changed by Earth's Rotation

Referring to Figure I-1, as our position on earth moves from A to B with earth's
rotation, the parailax angle of an object (generally appropriate for 50,000 to 500,000
miles) changes. For one hour, the lateral vector varies from approximately 500
miles to 1000 miles (B-C area) back to 500 miles. Using 609 miles/hour as a mean,
this is 10 miles/minute of time. Since 17Sec of arc is 1.1 miles at moon distance;
then 10 miles will be $ Sec of arc change in 1 min of time at 240,000 miles.
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Using a 16" F/15 telescope at cassegrain focus (240" focal length) the field of
view is approx. 20‘minor 20 X 605ec/600 lines = 2 ‘Secs/resolution element.

Since the minimum occupation of a faint target is 2 or 3 resolution elements and
a space is desired between successive exposures of a double or triple exposed photo-
graph, a minimum of 6 elements must be traversed. 6 X 2%5¢c™= 12 Sec.

Thus a minimum of 12 8ec/9 Sec/min. of time or 1-1/3 mins. Ff time between
€XpoSures.

Allowing some error for the iciescope clock track error (R. A.) (though this
usually proves to be almost negligible) and some error due to vibration and system
instability, exposures taken approximately 2 to 3 mins. of time apart will permit
detection and discrimination of a space probe (at lunar distance) from stars, planets,
asteroids. This spacing will also eliminate fast moving objects (satellites or air-
planes) which will traverse beyvond the near vicinity in any min. of time as well as
be in a different direction to earth axis rotation.

4. MOTION OF OBJECT TO BACKGROUND

When the motion of object is at or near stellar rates (celestial background) the
method described in the previous paragraphs is best suited, however, as the motioiw.
difference to steilar background increases, several other techniques will give us
motion detection in shorter times. The simplest of all is motion defined "looks"
when the exposure is long enough to produce blurring; a stretching in the motion
direction and/or trailing effects from the moving target. Figure I-2 illustrates this
in case of a photograph of the monitor during a pass of the Midas satellite. Here the
signal on the monitor was not blurred, but by taking a long exposure of the monitor
the film record readily distinguishes the moving object.

The more sophisticated techniques for moving target identification (M T I) fall
into two basic categories:

a. Monocular systems, where detection of a change in position with respect to
background pattern is dependent on a time interval hetween two or more
separated looks, and requires image storage.

b. Binocular or storeo systems, where detection of position difierence with
respect to backgro:nd pattern is dependent on time synchronized "looks"
from two or more equipments separated by a reasonable baseline (3D).

The binocular or stereo is sometimes described as a simultaneous 3D MTI
system, though it should be noted that processing time is still involved and
thus does not necessarily have any distinct advantage over the simpler and
less expensive monocular systems.

To adapt monocular or binocular systems for successful spatial separation
between object and background, positive position separation is required,
either through time or baseline separation, for passive systems. The ex-
tent of separation needed to obtain a given false alarm or detectior proba-
bility depends on:

1) Tolerances and stability of all components and equipments in the sys-
tem link.



Figure 1-2,
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Midas Satellite, 1930* 10" £,8.T., 1/10. 2, From Cazenovia
Test Site Near Syracusc: 1029 Line Scan; TT&H 5" £/4 Remote
Control Zoom Lens Set for Approximately 12" T'ocal Length;
Approximate Mount Angles (Az 270, El 649), 1/2 sec /4.7
Polaroid Film Exposure of Mouitor
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2) Relative target velocities and the stability, ar{d motion of objects in
the background (planets, asteroids, comets and meteors) as read
through the ''seeing" conditions of the local atmosphere or atmospheres.

Range measurements in a single sensor system can be obtained by measuring
target look angle versus time (assuming the target is orbiting the earth).

A multiple station (stereo) system cdn be used just for separation (star cancel-
lation), with the only available information being target look angle versus time.
However. if the target is present in both fields of view, the additional information
of relative target angle between the two stations can be used to find range directly
from one time image by triangulation,

4.  Monocular Systems

In case of monocular systems two fundamental approaches are generally
considered:

The first involves making a film catalog (exposed negative) of the sky at the
same scale as the electro-optical svstem by using same optics. After developing
the negative it is programmed in front of the sensing device and serves to cancel the
background of stars catalogued. Any object that has moved significantly from the
time of exposure or was not i the location of a previous image, will not be cancel: 2
and thus is detected.

.Due to celestial changes from day to day, week to week including proper
motions of stars (the stars move-too if considered over longer periods of time), new
negatives will be needed. All moving celestial bodies, comets, planets, asteroids,
etc., will show as moving targets depending on up-dating of negatives and, of course,

"meteors and new satellites will continually need to be accounted for to reduce the
possibilities of panic. Because of the actual large reduction of processiag capacity
(, possible in the approach over one not including cancellation of "fixed" objects and
stars, studies of potentials and limitations of the methods were initiated some time
ago on a GE-funded program and pertinent phases have been implemented to evaluate
the method by actus! experiments. To date some successes have been achieved in
addition to uncovering new problems with this technique. The light loss due t) film
transmission and the extra relay lens needed reduce systems performance; prelimi-
nary data indicates this may be 2 or 3 star magnitudes. The film loss itself can be
reduced or nearly eliminated by special negatives and development procedures.

The second approach registers-all objects and celestial objects and trans-
fers the entire flold of view at & particular instant to a storage media (storage tube.
delay line, drum, film. etc., tape, could be used but B W capacity might limii in
onse of a high performance system). A few seconds (for faster moving objects) or
a few minutes (for slower moving objects) later. a second view of the same field of
celestial sky is compared with the earlier stored picture and the non-cancellzd ob-
jects displayed and information fed on for processing. This is thus a temporary
i;:alogulng system using a delay interval suited to the relative motion of object and

erver.

</f A complete operating MTI delay interval Electro-optical systein using a
storage tube and comparison logic hgs been built and tested on a GE-funded program.
It has proven quite satisfactory and is being used to determine component tolerances
and stability requirement needed for a production prototype. This MTI system has
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pointed up some shortcomings, some of which can be completely or nearly completely
corrected by design changes.

A variation of the above approach uses {wo similar (matched) image orthi-
con cameras using the same optics through a be: m splitter or optical switch so that
one L O. is exposed but not readout until (t) seconds later when the secord 1.0, is
exposed and both are readout simultaneously and the videos compared.

Further details and variations of the two 1, O, systems are covered in
Section I-E & F.

b. Binocular System

A brief study of separation (baseline) distances needed for various altitude
satellites and the probable equipment tolerance needed for adequate recognition is
reported in Section IV, One of the bigger factors is the atmospheric stability, as
exemplified by the photographs in Figure I-3.

Unless some of the system and equipment tolerances can be reduced, the
practicality and advantages of a binocular system over a monocular system will not
necessarily be achieved.

Several attempts to take simultaneous stereo photographs oi the ECHO
satellite from Syracuse and Schenectady encountered weather problems. Since the
sites involved were roughly 95 miles apart and the satellite only 1000 miles high,
we hoped to get pictures looking over each other's shoulders to effectively reduce
the differential pointing angle. Due to the broken cloud weather at both locations,
only a few simultaneous frames were obtained and these with the sate!"’: :._.arly
overhead. Consequently, entirely separate star backgrounds were photogr aphed
Lack of targf 8 in the 30,000 to 300,000 mile range will make observational work
difficult for simultaneous 3D experiments or. targets at these ranges. This is the
most likely range for practical use of separated sites, whercas time-lapse single
station 3D requires only a few seconds separation for ranges below 30,000 miles;
this is of course less stringent on equipment requirements.

The Vfrimqfer of information between baseline separated sites does not ap-
pear to be too difficult. The complete image is required for stereo separation,
With modern TV microwave links the full or nearly full bandwidth information can
be sent quite ecoiiomically where security will not resirict its use.

Problems in the film cancellation method (monocular or binocular) include
refraction errors, extent of cancellation needed (density), optical system linearities,
alignment, electronic stability, motion and changes in motion needed for orhit pre-
diction, target spreading, storage media versus sensor equipment linearities and
registration stability, etc., in addition to the ever present data output format,

Combinations of binocular and monocular systems can provide many featuses
of both and increase performance limits for certain applications. Here, however,
careful analysis of application requirements and equipment tolerances must he made
carefully to delineate the specific conditions for improved performance: otherwise,
the expenses of the more complicated system may not be justified. See Scction
I-E & F.




Figure I-3A. Stereo Photos Showing Several Star. Levels

A

Figure 1-3B. Suggested Method of Viewing Stereo Photos
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B. THE CELESTIAL ENVIRONMENT

In aero-space surveillance tasks the celestial environinent is the background
(content and varlatxons) against which the target or object is to he detected, separa-
ted, confrn:ed and/or tracked and in some cases resolved. It, in most cases, fur-
nishes the illumination of the object (usually the sun), see Section i-D, and the
isolation provided Yy the shadow of the earth and celestial position,

The electro-optical equipment performance for detection and separation of an
object will be limited by the background, primarily equipment noise and sky bhright-
ness. We are concerned with both day and night conditions when observing from
earth mounted stations, but since this study is concerned only with nighttime opera-
tion we will limit reporting accordingly. From earth orbiting or space stations ma i
other factors must be considered but this is likewise bcyond the scope of this study
and report. :

Since much of the published work akin to the celestial environment is ia astro-
nomical and/or photometric literature, special note is included here on basic def ri-
ticas and conversion tables before continuing with the detail discussions of the celes
tial environment.

1. ASTRONOMICAL AND PHOTOMETRIC TERMS, LIGHT SOURCES, AND VISION
FACTORS

a. Astronomical Terms

1) Stellar Magnitude (difference) Am.

Most astronomical data and calculations are based on use of stellar maga.-
tudes differences. These are simfilar to the decibel scale (db) commonly used by the
engineer. 'Do the engtneer the stellar magnitude difference &m = (my - my; =
2.5log I Li Iy are the respective intensities of two sources being compared.
In another orm = 100 4m, Thus, the stellar magnitude scale is seen to be a
compressed db scale To the mronome is equation is used in the form (5 VI0D)M
= Ix/ly. Thus, the stellar maguitude difference Am is the exponent of the 5 V100
needed to equal the ratfo of two intensity sources with positive increasing values
indicating fainter sources.

Stellar Magnitude Intensity (lx) Decibel
Difference (Am) Ratio Iy Scale (db)
1.0 = 2,512 ® 2-1/2 ratio i 4
2.0 = v.31 = 6-1/3 ratio 8
3.0 = 15.85 = 16 ratio 12
4.0 = 39.81 =~ 40 ratio 16
5.0 = 100 = 100 ratio 20

The symbol for stellar magnitude difference = m. The subscript v ls added
to designate visual magnitude (my), the subscript p designates photographic. To
simplify conversion of Intensity Ratio to Stellar Magnitude differences and vice versa,
refer to Figures I-4 through I-7,
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Magnitude measurements are made by visual observation, photographic
measurement, and photometric meagurement; my refers to magnitude measured
visually, wavelength peaked at 5500A; my reters to magnitude measured photo-
graphically; mpg are peaked in the blue region (4500 - 47003); while mpy are peaked
in the visual region but measured photographicaily. Photometric magnitudes are
measured in any of 6 or more wavelength peaks, depending on the photometer.

2) Stellar Magnitude, apparent (h) m

In addition to stellar magnitude differences, the specific brightness value
of a particular object can be measured in terms of the stellar magnitude scale (as
5th magnitude star = 5mpy or myy = 5). This is simply the numerical magnitude
difference referenced to a zero magnitude source. To provide for the variation of
brightness with distance, the designation of apparent or absolute is added. Thus,
the apparent stellar magnitude (x) m is the measure of the brightness as observed
in terms of the value of my = 2.5 log (Ip/Ix) with respect to a zero stellar magnitude
source, i.e., (my - mp); positive increasing numbers indicate decreasing brightnes:.

3) Stellar Magnitude, absolute (h) M

The absolute stellar magnitude (h) M is the apparent stellar magnitude (m)
of a given star referenced to a standard distance ~f 10 parsecs (pc). A parsec is
3.0857 x1018 cm or 3.262 light years or 206,265 Astronomical Units (an AU being
the mean earth to sun distance).

The value of brightness or steilar magnitude may be in terms of photovisual
spectrum response (mpy), Photographic (m g) which is astronomical film Type 103
a-" response, bolometric (mpg]) which is tge black body spectrum response curve,
infrared (mjyp), etc.

The specific value of brightness of an object or source of zero magnitude
visual spectrum (0my) is defined as a source of brightness equal to 2.43 X 10-10
lumen/cm?2. If we use a visual pass band filter in front of a photon counter we would
collect 106 photons per square cm of receiving aperture per second of time from a
Omy source. Thus, Omy = 106 photons/cm2/sec and 15 my = 1 phaton/cm2/sec with
the subscript used according to the photon coliecting element and tilter response
band used (visual, photographic, bolometric, etc.).

Star brightness values are often referenced as measured "outside' the
earth's atmosphere or "inside' the atmosphere. The difference is the absorption of
the atmosphere for the spectiil response of sensor used and, of course, the black
body source temperature. The values vary from author to author as well as including
sensor response, and average around 85% transmission for the visual spectrum (see
Section 1-C for more detailed values for other responses). An apparent visual mag-
nitude of Omy is the same whether looked at on the earth or above earth's atmosphere
but the irradiance does change, thus 0my = 106 photons/ em2/ sec above atmosphere
but is only 85 percent as bright (. 85 X 106 photons/cm2/sec at earth's surtace looking
straight up).

Unless otherwise noted: (1) the stellar magnitude values are generally as-
sumed to be apparent stellar magnitudes, (2) the word magnitude refers to stellar
magnitude unless otherwise noted, (3) the abbreviation sec. or min. is used for
second(s) or minute(s) of time whereas sec. or‘min, is used for second(s) or min-

ute(s) of arc or angle,
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b. Photometric Terms

Luminous Flux (F) is proportional to the rate of flow of radiant energy and
to a2 luminosity factor which depends on the spectral distribution of that energy, and
is thus determined by the response of the human eye. The luminosity factor for radia-
tion of a particular wavelength is the ratio of the luminous flux to the radiant power
producing it, The unit of luminous flux is the lumen (Im) ov the luminous flux ¢cmitted
by one international candle through one steradian. Thus a 1 candle power source
gives off 47 lumens of flux, or one lumen on a one foot square area,at one foot radius
from the source. One lumnen of maximum visibility radiation (5550A) = 1.47 X 103
watts,

Luminous Intensity (I) or candlepower of a point source of light is the solid-
angular density cf the luminous flux emitted in the direction considered: it is the flux
per steradian in that direction, I =dF/dw. The unit is the new candle (cd) or candela
or the lumens per steradian,

International Candle has been the standard of luminous intensity for light
sources (especially incandescent lamps) aad the conventional unit (candle), Ome inter-
national candle = 1. 019 cd (candela or new candle). One Hefner candle = . 90s ed.

Note: In the past the lumen was defined in terms of the flux from a candle.
The present day standard is a brightness or luminence of a black body at freezing 0
temperature of platinum (2042°K) with a standard value of 600,000 new candles/meter-.

Luminance (B) of an element of a luminous surface, from a given position,
is the luminous intensity per unit area of the sarface projected on a plare perpendi-
cular to the line of sight, and including only a surface of dimensions small in com-
parison with the distance from the observer, B = dI/dA cos 8; 8 = angle between plane
and line of sight. The conventional units are the candle/ecm? (or stilb), candle/inZ,
candle/ftZ,

The luminance of any surface, in a specified direction, can also be expressed
in terms of the lumens per unit area from a perfectly diffusing surface of equali
brightness. Brightness expressed in the Lambert System is obtained by multiplying
by m; B =7ndI/dA cos . Thus, units are now Lambert's (1/7 candles/cmz) and
Foot- Lambert's (1/7 candles/ft2).

Lamkert's law surface Alg = Al cos 6 candle/ecm?2, so B = Al/AA = a con-
stant, independent of 6.

Brightness Units and Conversion Factors:

Stilb (sb) ¢/in2 c/ft2 Lamberts Millilambert Foot-Lambert
(c/cm?) (L) (ml) (ft- 1)
1.0 6.45 929.0 3.142 3142.0 2919.0
0.155 1.0 144, 0 0.48695 487.0 452.0
0.00108 0.00694 1.0 0.0034 3.381 3.142
3183.0 2.054 295.7 1.0 1000,0 929.0
0.00032 0.00205 0.2957 0,001 1.0 0.929
0.0003426 0.00221 0.3183 0,001076 1.0764 1.0

1 Omy, star per sq. degree outside atmosphere = 0. 82 X 1076 sb; 1 Om, star per sq.
degree inside clear unit air mass = 0,68 X 10-6 sb (star at zenith)
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Illumination of a surface (Illuminancej (E) is the luminous fluxdensity ove
the surface or the flux per unit area of intercepting area E = dF/dA The practical

units of illumination are the lumen/ft? (foot candle), lumen/cm? (phot) and lumen/r
{lux) (meter candle).

Illuminance produced by a point; E =1 cos 6/r2, where r = distance; 6 =
angle between normal to surface and direction of source.

Illummance produced by an extended source of brightness B (such as sun.
moon); E = BA/a2 + b2, where A = area of disc; a = radius of disc; b = distance of
disc.

IlIlumination Units and Conversion Factors:

Lux (Ix) Phot (ph) Footcandles (ft-c)
(meter-candle) {lumens/cm?) Milliphot {lurmen/ft2)
1.2 0. 0001 0.1 0.0929
10000, 0 1.0 1000.0 929.0
10.0 0.001 1.0 0.929
10. 764 0.0010764 1.076 1.0

Quantity of light or luminous energy (Q) is the integration of the luminoas
flux (F) per timc period or unit of time; Q = j F dt. The unit is the lumerg (cgs),
Talbot (mks), or lumen-seconds or lumen-hours. Where small quantities of light
are involved the units are expressed m photons for the area units involved as
photons/cm2. One star (my = 0) = 10 photons/cm?2 of lens aperture, for every
second of image time.

The relationship of Illumination (I) incident on a surface and Surface Bright
ness (or luminance) (B) is dependent on the reflectivity factors of the surface or
object areas involved and the background surface. A surface having one lumen/cm?
of Illumination and 100% reflectivity, has an apparent brightness, of on¢ lambert
(radiating over a hemisphere).

Thus Scene Brightness (B) or luminance equals Scene Illumination (E) times
the scene Reflectance (R), i.e., B = ER. The ratio of the reflectivity factors
throughout the scene (objects to background of scene) is defined as the contrast ratio
and thus sets the ability to distinguish or resolve features of the surface or object.
The higher the Illumination source and the greater the contrast ratios involved, the
better the resolution capability (sharper) to distinguish features. By geometric
optics the pkotocathode illumlnation E, in foot candles, is related to the scene
brightness B, in canales/ft , and for object distance large with respect to focal
length, E = ﬂB/4 (f2) where f is the f/number of the optic system, (If B is in foot
lamberts, eliminate the 7.)

c. Light Sources
1) The Sun

Mean brightness of sun's disk outside atmosphere 2. 08 X 10° stilbs =
6.53 X 10° lambert.-
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Apparent brightness 1.4 to 1.6 X 10° stilbs (c/cm2} =1.3 to 1.486 x 108
candles /ft2

Candle power of sun = 3,17 X 1027 ¢4
Light flux outside earth atmosphere at mean solar dist, E = 14.14 phot
Solar Luminosity 3. 86 X 1026 watts

Solar radiation emittance at surface F = 6.35 X 1010 erg em=2 sec-1

Solar magnitude, (apparent) mpg = -26.41, {absolute) Mpg =5.16
Mmpy = -26. 86 Mpy = 4.71
mp,1= -26. 95 Mpol = 4. 62
color index = Mpg - Mpy = Mpe - mpy = 0.45

Spectral type G-2 = dwarf star with 60009K (10,000°F surface tempera-
ture) (internal temperature~15 million® K)

Total solar radiation:

solar constant (flux of total radiation received outside of earth's atmos-
phere per unit area at mean sun-earth distance) -

1.97 (cal/cm2)/min = 1.374 x 106 (erg/em?)/sec

mean radiation intensity of sun's disk (F) = 2.02 % 1010 erg/ .m3/sec/
sterad.

Size (mean) 30 mins.

The Moon

Apparent brightness 2,54 X 10~1 stilbs = 2. 36 x 102 candles /ft2

Lunar Magnitude full moon -12, 2mpg

pg
Pg

quarter moon -11.4m
earth illuminated -2.0m
size (mean) 30 mins.

Moonlight (clear night) brightness = 1. 61 X 10-7 stilbs = 1.5 x 10~%
candles/ft2

Moon Aureole brightness (see also Figqure I-i2A and 12B) up to
2 X10-9 stilbs

Norma_ldsky brightness (total sky average) (see also Figure I- 9)
5 X107 stilbs (Allen)

Human Vision Factors

The human eye, plus the associated portion of the brain, provides the

means for seeing.

Human vision and interpretation affect electro-optical equipment and/or

system pef*formance when eye viewing monitors or using vision as a comparison
or gv.a!uatxon measure. The speetral response of the human eye is basic to the
definitions of many photometric terms (Section I-1-b).
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In addition to its ability to accommodate a large variation in brightness, the
pupil size of the human eye can be adjusted from about 8mm opening to 2 mm there -
by further extending its range. For daytime or cone vision its range varies from
1013 (max scene brightness readily accommodated) to 10-3 {t lamberts.

In addition, if allowed to adapt itself to dark scenes, low ambient light
levels; visual purple regenerates in about 1/2 hour, and the detection 'imit is ex-
tended by a factor of about 1000 to 10-8 ft lamberts for rod or night vision. In ad-
dition to increased sensitivity, there is also a shift {oward blue of the spectral re-
sponse of the "dark adapted" eye. See Figure I-8, ()

Response Curves of Human Eye, Normal and Low Light Level ( Dark

Adapted) _
L o ' ;"*SOS.Oai, ess E 1.0 818.0 mp,
c.9 €00 : 0.9
> 0.8 z , 0.8
[
% 0.7 800 _g, % or
$ z $
3 os 400 3 0.6
3 os 2 3 os
300 ¥ w
W 0.4 o > 0.4
£ o3| £ % 0.3
3 200 W 3 -
g o2 ] 0.2
0.1 100 2 0.1
2
400 800 ¢00 700 I 400 800 €00 700
WAVE LEVOTE (mp) WWE LEMITH  (my)
Figure I.8A: Relative Lumi- Figure I1-8B: Relative Lu-
osity Curve for the Standard minosity Curves Under
Observer; Scale at Left, Rel- Conditions of {a) subdued
ative Luminosity; Scale at lighting (dark adapted) (b)
Right, Luminous Efficiency good lighting (daytime
vision)

Figure 1-8. Eye Response Curves

The "grey level" of any portion of the fieid of view of the eye is set by the
scene brightness in that area. The eye measures grey scale or variations of hright-
ness by scanning or vibrating to detect a variation of light intensity on adjacent rods
or cones. This is much like the function of a chopper and/or reference source in a
point detector system. The axiplitude of this vibration varies depending on the ex-
tent of the image or edge being read. The frequency has been determined experi-
mentally to be approximately 130 cy/sec.

(1) F. W. Sears, Optics Addison-Wesley Publishing Co., Inc., Reading,
Mass. b5th printing, 1958.
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If the eye is subjected to total darkness and allowed to become dark adupted,
it begins to see 'grey' and sometimes other weird effects. What is actually happen-
ing is the gain is turned up until the system "noise’ is read in the cutput, theu re-
adjusted and tried again always looking for the faintest recognition of some incoming
photons.

The luminance :imit of color perception, with daylight (cone) vision associ-
ated with the fovea region, is 10-3 {t. lamberts. Night (rod) vision, associated with
the parafovea region, has nc color perception.

. Scene Brightness or Luminance needed for various conditions of human
vision:
109 foot lamberts - max acceptable scene brightness
10-1 Joot lamherts - needed for color contrast recognition
10-2 foot lamberts - needed for color perception
10-3 foot lamberts - daylight vision minimum
10-8 foot iamberts - lower scene brightness threshold of dark-adapted eye
Range of scene brightness accepted by eye is one billion (10-8 to 103y foo.
lamberts.

The resolving power of the eye is its ability to produce separate images of
close objects. The retina of the eye consists of a large number of light sensitive
elements, the rods and cones, each having a spacing between centers of 0.001 to
0.003 mm. Each rod and cone produces a separate visual sensation in the brai:u.
Thus, two image points reaching a single rod or cone will be judged as one by the
brain, Since the image of the two points are two different disks, they must be sep-
arated by a distance equal to the width of a rod or cone in order to be distinguished
as two separate points.

Thus the resolving power = 1 rm

Storage time or exposure time of the eye - 0.2 seconds

Normal pupil diameter = 6-8 mm dark adapted, 2-4 mm day vision
Diameter of the eye = 25 mm filled with fluid of n = 1. 33

Quantum efficiency of the eye = 10% max-dark adapted

Visibility (spectral) bandwidth about 10684 peaked at 55504 for day vision
and at 5150A for night vision.

Relative visibility factor (KA\) for Normal (visual) Brightness {5 % 10-4
stilb or greater) photopic vision.

The Photopic Curve (International) (for Cone vision at fovea) See Figure I-
8A (day vision).
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KA

(.§) — 0 100 200 300 400 500 600 700 590 900

3000 . 00004 . 00012
4000 .0004 .0022 ,0040 .0116 .023 .038 . 060 . 091 . 139 .208
5000 .323 .503 .710 . 862 . 954 .995 . 995 . 952 .870 .787
6000 .631 .503 381 . 265 . 175 .107 .061 . 032 . 017 . 0082
7000 .0041 .0021 .00105 ,00052 ,00025 .00011 .00006 .00003

Equivalent width of K\ curve = f K\ @ ~ 10684
KX lumens = , 00147 watts = mechanical equivalent of light

Luminous Energy in Lumergs = 680 f KX eX dXx when eA dX is element of
energy in Joules

Relative visibility for dark adapted eye (10-7 stilb or less) scotopic curve
(Rod vision) See Figure I-8B (night vision)

1(1&) — 0 100 200 300 400 500 600 700 800 900

4000 .0185 .040 .076 .132 L212 . 302 .406 . 920 .650 770
5000 .900 .985 .960 .840 ., G680 . 500 . 330 .32 . 140 . 083
6000 .0490 .0300 .0175 .0100 .0058 .0032 .0017 .00087 .00044 .00021
7000 .00010

2.  SKY BRIGHTNESS, MOONLESS NIGHT

'The '"night'" includes the period of the night between the twilight hours (defined
as the period from sunset to time sun is 180 below Horizon and again from 189 be-
low Horizon to sunrise). The standard sky brightness figure for an "astronomically
clear"” moonless night usually quoted in astrophysical literature is equivalent to one
22.5 visual magritude star per square Second of arc as observed at Mi. Wilson, or
simply 22.5 mv/§562. Since Mt. Wilson is approximately 5,900 ft, above sea level
and often has particularly clear and stable sky conditions, this value will not nor-
mally be attained for other locations.

Different astronomers, observers, and researchers express the sky brighiness
in different manners. For instance, Allen(2) gives total brightness, zenith mean
sky ag 400 }_ggth magnitude stars per square degree (visual). This is equivalent to
21.27 mv/secz.

400 - - 6.5 m
10th mag = +1¢ - m
ﬁegreesz tosec® - +17.78 m

21,27 my/gec>

Mitrz (3) gives a figure of 0. 045 first mag. stars/§ec2 which is 22. 15 mag/$ec2
Lut from the context of his discussion, it would seem reasonable that he meant

———

2)c. W, Allen, Astrophysical Quan(ities, Oxford University Press, 1955.
(3)S. K. Mitra, The Upper Atmukphpre, Asiatie Boclety, Calcutta, 1952.
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zero rnagnitude stars, \giich is the more normal expected reference. This then
would give 21. 15 mag/Sec?.

L0456 =+ 3.3Tm

/"“‘\9 ‘A2,
degrees© to secs = +17,78 m
21.15 my/Sece

Dole(4) quotes an average brightness of the clear moonless night sky as
2 x 10-8 candles/cm?2. This is approximately 21.6 my/Sec2. He does not mention
his source.

From the foregoing, for calculation purposes, the sky viewed from /g_low alti-
tude (near sea level) point can be assumed. to be about 21 te 21-1/4 my/Sec? and up
to 22-1/2 mv_/secz, if higher elevations are to be selected. See also reference(®),

Caution: If the lens and sensor combined resolution (see Section II-A) does not
resolve one square second of arc but rather a larger value, then the brightness
must be increased by the ratio of the larger area to one square second. Values
smaller than one square second of arc should not be used where earth's atmosphere
is involved, (See Section i1-C on atmospheric effects.)

Of course, any contemplated sites should be surveyed carefully ard actual
background values measured, since the condition and reflectance of the surrounding
terrain (topographical conditions, existence of nearby hills, mountains, plains,
deserts, type of vegetation, season of year, etc.) local weather conditions, as well
as nearby communities and cities, will affect the brightness and sky glow conditions.

3. SKY BRIGHTNESS GKADIENT (MOONLESS NIGHT)

Since we will be working 1t angles other than zenith, we need to derive some
representative figures for other elevation angles or as the astronomers say, 'alti-
tude'. Referring to the astron¢™hical references and reducing the values, less the
resolved stars, and drawing a sminoth curve thru the results, we have Figure 1-9
for the plot of the means (the value re fainter for the celestial pose areas and
brighter if at the celestial equator),

300 = 21.13 my/sec?
250 = 21, 03 my/8ec?

200 = 20, 91 my/Sec2
150 = 20, 78 my/8ec2
100 - 20,6 my/Brc2

NOTE: Elevations below 159 should not be considered unless sufficiently
away from inhabited areas so that local sky glow is insignificant.

(4)Dole, Visual Detecticn of Light Sources Near the Moon, RM 1900 ASTIA
#AD133032.

(®)D. J. LaCombe, The Brightness of the Clear Sky, G. E. Co. Report
#TIS R63EMHL1.
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VARIABLE REGION

" DUE TO LOCAL SKY
- GLOW AND OTHER

8 LIGHT SOURCES

ness (Mag/§ec
Moonless Night)

10° 18° 20° 25° 30 38° 40° 48° 50° 60° 70° 80° 90°
Lopm,)
ELEVATION ANGLE ABOVE HORIZON (N DEGREES

- 21.8

2i.4

210

208

208

Figure I1.9: Apé)roximate Values for Average Sky Bright-
vs. Elevation Angle Above Horizon,

2

SKY BRIGHTNESS (N MAG/ SEC

The sky brightness includes:

Starlight and scattered starlight

Galactic light

Zodiacal light

Alr glow

Scattered light from the list three sources

solved, the less light left in the unresolved sky. )

4. SKY BRIGHTNESS COMPOSITION (MOONLESS NIGHT)()

30%

10%

Figure 1-9. Approximate Values for Average Sky Brightness (Mag/Sec2 ys
Elevation Angle Above Horizon, Moonless Night)

(3)S.-K. Mitra, The Upper Atmosphere, Asiatic Society, Calcutta, 1952,

The above table shows that about 60% to 50% of the total light is from parts of
the sky wiiere a star is not being seen by a single or adjacent resolution element.
The other 40% to 59% ie from brighter resolved stars or celestial formations. (The
values vary depending on proportion of stars being resolved. The more stars re-




Photographic
(10th Mag. Photometry
NIGHT SKY stars/degree?) Visual stilbs
Zodiacal light 20 30 2 x 1)-9
Faint Stars m<6th Galactic pole 16 30 2.5 % 10-9
Faint Stars m<6th Mean Sky 48 95 7 % 10-9
Faint Stars m<6th Galactic Equator 146 320 22 ¥ 10-9
Total brightness Zenith Mean sky 200 400 30 % 10-9
Total brightness at 15° altitude 300 700 50 x 10-9

Aurora brightness = 20 x 10-6 stilb (max)
Spectral distribution mean sky inteusity is 10~7 cm2 Sec-1 sterad-1 4-1

A—3200 3600 4000 4500 5000 5500 6000 6500
1.4 1.1 1.3 2.0 2.0 3.0 5 5

Color index of night sky Mpg - Mpy = +0.5

Zodiacal light is the cone of faint light elongated in the direction of the ecliptic
(sun's path); the base and strongest light covers about 20° at the horizon and fades
away at 60 to 800 from base. Best seen on the western horizon after sunset and on
the eastern horizon before sunrise, it is caused by small particles and inter-stellar
dust reflecting sunlight. About 15 percent of the zodiacal light is polarized whereas
only 2 to 4 percent of the night sky is, and the planes of polarization of both pass
through the sun. This fact is the basis for polarization filters. However, unless
the filter efficiency is high (low absorption), 1ittle if any, improvement results.

15 percent of 15 percent = 2-1/4 percent of sky light which constitutes the polarized
light portion. This could be 15 percent if looking directly at zodiacal light.

Zodiacal light in terms of 10th magnitude stars/degree? for various elevations:
10° 20° 30° 40° 50° 60° 70° 80° 110° 130° 150° 170° 18¢°
20K 4K 1.5K 800 600 450 330 210 150 130 140 170 200

Galactic light is the light from the Milky Way scattered bg' inter-stellar dust.

It varies from a maximum value of 57 10th mag st.rs/degree< at ‘he galactic equator
to about 8 at 320 galactic latitude. The total contribution to night sky is about 5
percent,

Air Glow causes the largest non-resolved arex light. This consists primarily
of lines and bands; prima iy atomic lines at 5577A, 6300, 6363, 5890 and 58964,
and bands 4-5000% and 7-v0004 (Na) and 10440 (OH) and 3-400% (O2).

Under conditions of extensive air glow and haze, filters might be used ahead of
the sensing elemeix to reduce che sky brightness saturation and to recover a ;x)rtion
of the lost performa..ce. When the air glow is primarily in the 5577 and 6300A lines,
interference filters will be very effective in reducing its brightness, but the improve-
ment is 1imited as the objects or targets, having the sun as an illuminator, will be
filtered as well. (See Section 1-C)

Total starlight from whole sky = 490 mpy = Op stars = 9.2 X 10-5 ft candles
candles ~ 21 my/Bec? = 250 mpg = Om stars
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Typical values for Night Sky Bxlightness in terms of number of 10th magnitude
stars/dégree? are shown in the following Table:

Star light iu each magnigxgg interval m+1/2 to m-1/2 in equivalent numbers
of mean 10th m, stars/deg=~.

Mpy Galactic Galactic meany,o meanpy
Equator Pole
b-00 h-900
0 i .3 .9 .8
1 1.3 .6 .8 1.3
2 2.0 .8 1.3 2.2
3 3.0 1.0 1.7 3.0
4 4.0 1.2 2.1 4.5
5 5.2 i.5 2.5 5.0
6 5.1 1.7 3.2 5.6
7 6.7 1.9 3.4 6.3
8 7.9 2,0 3.5 6.8
9 9.6 2,1 3.9 7.4
10 11.0 1.9 4.1 8.7
11 12.6 1.7 4.6 8.7
i2 13.8 1.5 4.6 9.3
13 14,1 1.2 4.6 8.9
14 14.4 .9 4.4 8.5
15 4.1 .6 3.9 8.1
16 11.5 & 3.5 6.9
17 11.90 .3 2.9 5.5
18 7.9 .2 2.1 4.4
19 5.0 .1 1.3 2,6
20 3.1 .1 1.0 1.8
21 5.0 .6 4.5 1.2
21,5 .8 1.5
TOTAL 180 22 61 119

5. STAR TYPES AND COLOR INDEX

Star type is a method of classification of stars by their spectra. Originally
there were 4 types, I through IV, and then V and VI were added. The spectral
classes (temperature) now universally adopted is the '"Harvard" (Draper) classifi-
cation, It classes stars O, B, A, F, G, K, M, plus types R, N, branching off at
G, and S at K5 or Mo. The region between any two letter$ is divided in tenths: thus
B3A is a star type 3/10ths of the way from B toward A, etc.
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A and K stars are most common in the Milky Way. Early and Late type stars
denote Types B-A and K-M, respectively, iollowing the assumptions that Type I was
the youngest and Types IIl and IV the oldest before Giants and Dwarf stars (in the M
region or late K) were discovered. Early stars have few absorption lines, mosily
ionized Hydrogen. Late stars have many lines (iron and other metals),

Color index is the difference in stellar magnitudes between photographic (mpg)
and the photometric or photovisual (mpy) magnitude. The visual index is usually
the greater. Color index of the night sky = mpg - mpy = +0.5. By definition, the
color index of Ao stars = O (white) so blue stars are - and red stars are +.

Types B2-B3 are white; AO pure yellow, K2 orange yellow; MO orange; R orange
red; Nc deep orange red. Of the 225,000 stars to about 10th mag, 20,000 are simi-
lar to our sun. 95% of these are within 3000 light years of us.

Our sun is a dwarf G2 star.
6. STAR DENSITIES AND DISTRIBUTION

The stars are distributed very heavily along the galactic equatoxr due to the
Milky Way and sparsely at the poles with a fairly random fluctuation of densities
between. See Figure I-10,

Star counts seen by Electro-Optical equipment are, of course, dependent on
the response of the sensing surface or film and filter used as well as color of the
stars. Since the S-10, S-20, and S-1 photocathode responses extend into the near
infrared region (S-10 to .78 micron, S-20 to .85 microns, S-1 going to 1.1 + mic-
rons) the count of stars in these regions will be higher. But since these photo-
cathodes do not in general cover below 31004 where astronomical film type 103a-0
is still sensitive, the star counts here will be lower than with film. Alsu since the
larger counts involve stars of higher temperature (blue) the star counts when using
Image Orthicons will, in general, be lower than astro counts by a factor of 2 or 3,
even considering the higher counts of the Red and IR stars (older stars). Another
factor, the fainter stars, individually do not take up as many resolution elements,
so the total ficld occupancy in practice, will be less than expected from astrophysi-
cal data,

Stars are always point sources: however, due to atmospheric perturbations,
they always appear to be one §ec2 or more. For the same reason two stars must
be separated by more than one“sec to be resolved.

1-25




Numbers Represent Variat
As Log of Multiplier - 7

Figure I-1
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Star Numbers

. ) /——'-—*"\\) . ’ . .
Nm - number of stars per degrec~ brighter than magnitude m for mean
walactic latitude 0-900

m Photographic Visual
0 . 00005012
1 . 0002512
2 . 0009120 . 0009772
3 . 002512 . 003548
-4 . 007762 .01288
5 L 02344 . 06981
6 L07244 L1175
7 L2042 . 3467
8 . 58623 1. 000
9 1.549 2.818

10 4,169 8.138

i 11.22 21.88

13 28.84 58.88

13 74,13 147.9

14 182.0 363.1

15 416, 9 891.3

16 955.0 1995

17 3138 4365

18 4365 9120

19 7943 15,850

20 14,790 28, 180

21 25,120

Total stars to 6th magnitude (approx 1 1/2 per deg‘reeg)
. - T Ty

Total stars to 16th magnitude (approx 2500 per degree=-)
Figure 1-11(6) summarizes star-co:nt data.
one (npoj = 0) star = 2,27 » 10-5 erg/cm? sec outside earth's atmos-
phere
one (my = O) star = 2,43 % 10-10 phot, - 2,43 ~ 10-6 lux vutside
earth’s atmosphere
one (my ~ O) gtat/degree? - 0,81 % 10-6 stilb - 2,55 x 10-6 lambert
outside atmosphere

0.68 % 10-6 stilb - 2,17 % 10-6 lamberts

inside clear unit air mass

(G)Tl;'umpler & Weaver, Statistical Astronomy.
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Variation from observer {o observer runs 2 to 1, with the larger variations
primarily in the southern hemisphere. Thus, for southern installations, special
note should be taken if the performance expected is to be guaranteed. Star counts
from astro-physical literature can be considered too large when considering the
MgO Image Orthicon with S-10 or S-20 photocathode as a sensor. Because ol this
the total resolved stars and total field occupancy factors will be amazingly low fur
long focal length optics in relation to published datea.

Of course, star clusters, nebulae, ete., will make observations impossiblc in
ceriain areas of the sky; i.e., MR21, the great nebulae in Andromeda, covers an
area of almost two square degrees and is 4.8 mag. total. The Milky Way will
severely limit highly sensitive systems in that portion of the sky. To keep the
saturation levels managesable, special precautions chould be taken and the systems
should be examined for lost performance with backgrounds as bright as 18th mag,
Sec? of arc — (attained also on full moon night even though at considerable di-tance
from moon and Milky Way) if Milky Way is to be worked.

7. MOVING CELESTIAL OBJECTS

The celestial environment consists of many objects; iplanets, asteroids, con.ets,
meteors, etc.), which move with respect to the more generally "lixed" stars. No
stars are really fixed. All change (have 'proper motion") over the years, This
must be recognized and treated accordingly especially when using techniques in-
volving Moving Target Identification (MTI) methods., Since the MTI techniques mua
be selected to regolve objects with very small dillerential moetions with rerpect to
the general stellar background, the extent of "infinite™ distance (3D) hackground will
vary with the application, Even medium focal length opties (60" or more) will re-
solve the closer planets and comets for even relatively short time intervals.

A priori knowledge will help account for the more prominent objects (solar
planets, the brighter catalogued comets); but, since even the brighter repeating
comets (6th Mag. or brighfer) are not catalogued comipletely, comets can ropresent
undesired targets and cause false alarms. A like situation occurs with asteroids,
Meteors are only catalogued as "showers', so they will always he with us as un-
identified targets!

a. Stars - Proper Motion

Some stars have apparent angular motion on the star sphere at right angles
to the line of sight. It is found by comparing the star's present position with its
position many ye~rs (centuries) earlier; precession, nutation, parallay and aberra-
tion being allowed for. Normally, proper motions are a few seconds ot arc per
century but some have proper motion of several Secs. per year, Yor example:

m 9.4, Barnard's Star in Ophiuchus, moves 10 Sec¢/yr. (Location [1950,0] 17
55M ov; +40 33' ¥) See glossary for celestial enordinate discussion,

b, Variable Stars

The variable stars will effect performance if brightness variation ix part
oi an MTI method. However, the time constant of star brightness variation is
usually long with respect to the detection system and is thus of little concern. Pogi-
tion variation of certain variable stars likewise must be considered with certain
MTI methods. Thus a star catalogue or filrn taken today may not be emirely uselul
next week. For example, the time constant of Cepheid variables are ~+ low as I day
or less.
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c¢. Cumets

oo o o s

Ther. rr= abust 40 comets per veai brighter than 9-Xu.:h Mag, with no

4 estimate available tor tainter unes, and sevetral are generally in the sky at the same
time. Their angular rates vary. but are usually low for most of their traverse.
However, at their hisher rate~ they w.ll he detectable by longer focal lencth system
even in retatively short time-lipse peviods. It is estimated that between one comet
per day and one per week would be detectable in the enfnre sky.

d. Asteroids

There are approximatelv 109 asteroids o1 16th magnitude or drighter. The
: 1T mmyaces 1/ ey . . e .
motion will average 1/3 to 1/ degree per day, although some at times move 10
times this figure. Mean appearance and disappearance rates will be 140 per day,
with the vui.ber in the sky visible to a 16th magnitude det ctor at any one time bei .«
109 to 10%, Fer a 30 - 30 field this is about one per hour. The majority of the
known asteroids are in the region between Mars and Jupiter,

v, Metemgg

In the 3 to 10th magnitude range, there are approximately 1 4 to 3.5 per
degree™ per hour during non-shower periods. (Fainter meteors would be moving
too fast tu alarm for ill ordinary variations of aperture and field of view tradeoffs
that we expect to use.) On meteor shower nights, the numbers increase from 10
to 100 times, The followiny tabulation lists the comyimon re-occurring showers and

rates.
VMeteor Showers
Normal
Max. Duration Hourly Associated

Name Date Dates Rates Con -+t
Quadrantids Jan 3 2= 30
Lyrids Apr 21 20-22 10 1861
Eta Aquarids May 5 3-10 12 Halley
Delta Aquarids July 28 24-6 20
Piscid Australids July 29 26-5
Perseids Aug 12 1-20 50 1862 11
Giacobinids Oct 9 9 1933 111
Orionids Cet 20 15-26 16 flalley
Taurids Nov 7 025-25 6 Encke
Leonids Nov 15 11-20 10 1866 1
Andromedids (Bielids) Nov 23 18-26 1 Bieia
Genriinids Dec 12 9-14 50
Dec Ursids (Bec Var) Dec 22 21-22 12
Arietic.s June 7 M30-J14 60
Zeta Perseids June 7 2-13 40
Beta Taurids July 1 20-10 24
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Meteor Rates

100 Field

Magnitude N Single 100 Field
(mz . 5) Log N  (Whole Earth)  Observer (24hy (Per Hour)
-5 3.65 4.4 > 103 4.4 %2002 4.4 x 104 1.8 ¥ 10-5
4.05 1.1 x 104 1.1>x10-1 1.1x10-3 4.6 10-D
-3 4.45 3.6 « 10% 3.6>~10-1 3.6 x106-3 1.5 < 10~
-2 4,85 7.2 x 104 7.2+10-1 7.2-10-3 3.0~ 10+
-1 5.25 1.8 109 1.8 1.8~ 1072 7.5 104
0 5.65 5.1 % 109 5.1 5.1>10-2  2.1x10-3
+1 6. 05 1.34 > 108 1.3 10 1.3~10"1 5.6~ 10-3
+2 6.45 3.55>106 3.6~ 10 3.6 ~10-1 1.5 10-2
+3 6.85 9.4~ 106 9.4x10  9.4%10"1  3.9v10-2
+4 7.25 1.8 ~ 107 1.8~ 10° 1.8 7.5 % 102
+5 7.65 5.1~107 5.1-10 5.1 2,1~ 10-1
+6 8.05 1.34 % 108 .3x~108  1.3-10 5.6 % 1071
+7 8. 45 3.35 % 108 3.6 %103  3.6%10 1.5 % 100
+8 8.85 9.40 x 108 9.4 103  9.4%10 3.9 % 100
+9 9.25 1.8 ~ 109 1.8 <104 1.8~ 10 7.5 ~ 100
+10 9.65 5.1 109 5.1~ 10 3.1x102 2.1x 10}
+11 10. 05 1.3 % 1010 1.3~105 1.3~ 103 5.6 = 101
+12 10.45 3.55%1010  3.6%105 3.6~ 103 1.48 > 102
+13 10.85 9.4 x 1010 9.4 ~105 9.4 -103 3.9~ 102
+14 11,25 1.8 x 1041 1.8x106 1,8~ 0% 7.5~ 103
+15 11.65 5.1 x 1011 5.1x106 5,110t 2,1~ 103

Note: Thesc data should be regarded as being good to only one significant figure,
and could differ even mare in absoluie valyn, though not in relative value.
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at quadrature (90°) from sun: Mercury 180-289; Venus 470-489),

CELESTIAL FORMATIONS (BODIES, CLUSTERS, ETC.)

Pertinent information on celestial formations (bodies, clusters, nebulae, etc.)
is included here fcr convenience (note magnitude for Mcrcury and Venus are given
at their greatest altitude or elongation from the sun, whereas all others are given

Mercury
Venus

Earth — seen from sun

Mars
Jupiter
Saturn
Uranus
Neptune
Pluto
Ceres

Periodic Comets

Encke
Grigg Skj
Tempel 2

Pons -Winnecke

Forbes

. Kopff

Schwassman W2
Giacobini ~ Z

d'Arrest
Daniel

. Lrooks 2
‘Reinmuth
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Whipple
Faye

.Oterma

Schaumusse

‘Wolf 1
Comas-Sola

Vaisala 1
Neujmin 3
Tuttle 1
Schwass W1
Neujmin 1
Crommelin

Pons-Brooks

Olbers

Hallay

mpy

-0.2 Fallas

-4, 08 Junc

-3.80 Vesta

-1, 94 Eros

-2.4 Moon

+0,8 Io

+5. 8 Europa

+7.6 Ganymede

14.7 Callisto
7.1

1951 Mar 16
1947 April 18
1546 July 2
1945 July 10 °

1948 Sept 16

1945 Aug 11

- 1948 Aug 23

1946 Sept 18
1950 June 6

1950 Aug 24

1946 Aug 25

19850 July 23
S . 1948 June 25
© 1347 Sept <8
- 1950 July 15
' 1943 Nov 25

L 1950 Oct 23

< 1944 Apr 11

1849 Nov 10

i 1951 May 27
11938 Nov 10

1041 June 9
1948 Dec 15
1928 Nov 4

" 1884 Jan 26

1687 Oct 8
1910 Apr 19
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Globular Clusters

Designation NGC
(Messier #, etc.) #
47 Tuc 104
2149
A 445 3201
Mé68 4590
M53 5024
@ Cen 5139
M3 5272
M5 5904
M4 6121
M13 6205
Mi12 6218
Mé62 6266
M19 6273
A 366 6397
M22 6656
A 295 6752
M55 6809
7006
Mi15 7078

8elected Dark Nebula

1

52 Cyg. 400
Cygnus 43
North America 53
Cygnus 60
Cephus 7€
Auriga 136
Taurus 139
8 Monoceros 170
Orion 175
N Carfna 254
Coal Sack 272
6 Ophiuchi 329
* Scutum 356

luterstellar Space

Radiation Density 12 x 10-
Equivalent Black Body tem

Diam.

1 b (min) Mpe
2720 -450 54! 5
148 26 6 11.5
244 9 29 8.6
269 36 9 9.1
305 79 16 8.6
277 15 65 4.7

8 78 20 7.2
332 46 22 6.9
319 16 21 7.1

27 40 2] 6.7
344 25 15 7.9
322 7 10 8.1
324 9 10 8.1
304 =12 30 7.
337 -9 26 6.2
303 -26 42 7.1
336 -25 22 7.1

32 =21 2 11.5

33 -28 15 7.3

13 ergs/cm3
porstuse 3, 50K

= .1 25000°K
= .2 150000K
visible + UV 100000K
IR 30000
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Selected Bright Diffuse Nebulae

surface
Messier NGC bright- Galactic
No. IC ness 10th Diam. Stars long lat.
m, mag/Mmin2@min.) (m,) 1 b
Near y Cass 159 15! 2.3 910 -20
Pleiades M45 120! 3.0 134 =22
Great Orion M42 1976 4 20 50' 5.4 177 -18
M43 1982 9 1 6.8 177 -17
1977 4.6 176 -18
Near Ori (horsehead) 1434 50 174 -16
30 Doradus (L. Magg. Cl) 2070 7 246 -31
M78 268 8.3 0.4 10. 4 173 -13
Rosette NGC 2237-8 2246 80 7.4 173 -1
7, Carinae 3372 150 7. 255 -1
Trifid M20 6514 8.3 25 6.9 334 -1
Lagoon M-8 6523 5.8 40 6.1 333 -2
M-16 6611 6.4 15 8.3 344 0
2 Swan, horse-
shoe M-17 6618 7 2 35 342 -2
Cygnus Loop 6960 50 41 -8
Cygnus Network 69925 a0 43 -10
North America 7000 120 6.0 33 1
" 23 18 7.2 71 13
Open Clusters Magnitude
Diam No. of range Total
Designation NGC # 1 b (fin, ) Stars m, my
M- 3Rl 960 -10 6! 30 9-14 6.9
h Perned 869 102 - 30 300 7-14 4,3
x Persed 884 103 -3 30 200 8-14 4.6
M4 1039 112 -15 30 70 8-14 5.7
Per~¢ 115 -6 210 50 3-7 2.0
Pl dndex 134 =22 1310 120 3-12 1.2
Hy vde's 147 =21 360 100 0-9 0.5
M-3¥ 1912 140 2 19 100 8-12 6.6
M-i36 1960 143 2 17 50 8-13 6.3
M.37 2089 145 4 25 200 11-12 6.2
2477 221 -5 6 200 10- 5.7
Procsepe 2632 174 34 90 100 6-11 3.7
o Vel 12391 238 -8 40 12 2.4
Mé7 2682 184 33 16 80 10-14 7.3
6 Carinae 12602 257 -5 70 25 1.4
; 3532 257 +1 45 130 3.3
' Sco-Cen 290 10 2000 110 1-7 -1.0
) Coma 196 85 300 40 5~-10 2.8
4 Urs Maj 90 60 1000 100 2- -0.2
; K Cru 4755 271 2 11 30 6 5.0
: M-21 6531 335 -2 12 40 v-13 6.6
~ M-16 6611 345 -1 19 40 8§-13 6.1
M-11 6705 355 -4 12 80 11-14 6.5
6885 34 -5 10 30 6-14 8.7

A X
A - .




9. SKY BRIGHTNESS (MOON IN SKY)

The brightness of the sky with the moon varies with the phase of the moon and
the anguiar distance from the moon. The brightness of the total sky at full zenith
moon is about 17-1/2 mag’/s’e\c‘-—'; however, since we look at specific parts, the
brightness versus the angular distance from the moon is of more importance. Fig-
ure I-12A gives the aurcole of the moon which should be used with Figure 1-13 to
determine variation in specific areas of sky under moonlight conditions. Figure
1-12B gives sky brightness versus moon phase.

1073 v . —-J
N S S SNUUD U SN S S G- B
180° A ‘ R
. FULL MOO L , ; ;
a (0O PHASE) : :
: ’ — 16
- |7
o~ -
s 08 . L
< .. 839 N
[74] . H
w ;
e NG v
2 g 18 9
S .. S <
z QUARTER MOON Lo t
9 (90® PHASE ) o e
w . . . ; . . . A '9(‘5
- , ; o
X . L4
] ! P >3
X P .
@ ,0°7 . i S b . ,
~ ’ f t BASE S L . - -~ zo
V i ! ! i |
Lo !
: oo SRt 4 |
; : i . ; |
a ! ! i i M k1
s ; P ‘ | Lo j :
z S SN T O S B
T A
: oo ‘ Lo i — 22
108 1 | S i | | | i
i .2 4 6 8 1 2 4 6 8 10 20 40

ANGULAR DISTANCE FROM MOON, DEGREES

Figure I-12A, Aaureole of the Moon
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Figure [-12B. Approximate Sky Brightness Change vs Moon Age

22

The summary of all these light sources and the total effect on sky brightness

is perhaps best illustrated by the composite graph of Figure 1-13.

10. CELESTIAL CATALOGUES, ETC.

a.

observers study different areas of the heavy constellations. Typical of these is

Calibration Using Stars

Many selected areas of the heavens are well calibrated because different

the Polar Sequence or the star area near the celestial pole (star Polaris). Figures

I-14A and 14B illustrate the chart and corresponding calibration.
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Figure I-14A, North Polar Sequence



W Ps HD or BD
1s 8 890
1 166 205
2 212 710
3 221 S25
4 166 926
5 5 %4
2s 167 192
3s 107 113
Ir 51 802
6* 66 368
7 96 870
2r* 103 039
) 14 369
$ 17 376
3r 114 282
10* 21 070
Ar 187 138
11 83° 18
12 89° 25
5r 112 428
4s 89° 12
13 89° 29
6r 8§6° 9
14 89 1
7r 83° 35
5s 89° a7
15

6s 89% 26
8r* 89° 31
16

17 .- -
9

18

10r

7s - -
19

20

l1r

21 - -
22

23

121

24 e e
25

8s

26

9s

27

10s

11s

28

125

13s

29

14s

30

31

15s

32

16s

Figure I-14B. This i8 a carefully measured series of stars 1ear the pole whose
magnitudes are used as a standard for measurements, in photovisual and
photographic magnitudes.

North Polar Sequence

SP

F8
AQ
AQ
FO
A3
A2
FO
F2
M
AO
B8
M
FO
A

| ¥
AS
KO
A
A
KO
G
A
G5
A?
G2
GS
A

GS
A?

5.15
§.7%
5.89
6.46
6.48
6.65
6.69
7.13
7.38

7.91
3.33
8.94
8.96
9.15
9.23
9.77
10.08
10. 15
10.31
10.55
10.51
10.83
10.96
11.09
11.27
11.37
11.43
11.57
11.88
11.95
12.28
12.60
12,61
12.68
12,99
13.22
13.34
13.46
13.59
13.78
13.92
14.13
14.51
14.65
14.74
14.90
15.30

15.30

15.33
15.36
. 15.53
-+ 15.88
. 16,03
16.20
16.41
16.58
16.76
16,87

7.54
9.03
8.21
8.57

9.77

8.65

9.84
10.33

9.28
10.53

9.85
10.02
10.90
16.65
10.44
11.23
11.31
10.95
11.88
12.06
12.06
12.24
12.50
12.05
12,51}
12.85
13.01

i2.48

13.28
13.57
13.70
13.65
13.71
14.23
14. 47
14.34
14,48
14,64
14,48
15.17
15.02
15.41
15.59
15.68
15.55
15,47

. 49
+1.17
+0.83

. 40.61

+0.58
+1.30:

- 40.63

+0.56

" #0.81
41,00

+1.03

- 40.67
40,83

+0.96

' 40.85

+0.72
41,05

40,71

+1.01
40.79
+0.82
+0.90
+1.21
+1.40

HD = Henry Draper Catlogue No.

BD = Bonn Durch musterung Neo.

SP = Spectral Classifiéation

mpg * Photographic Magnitude

mpy * Photo visual Megnjtude

¢/t = Color Index = m

3]

=m
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b.: Sky Charts

For general sky charts and atlases: Approximate Cost
Norton's Star Atlas stars, clusters, ete. $ 5.25
to 6-1/3 mag
Atlas Coeli (1950. 0} thru 7-1/2 magnitude $ 17.50
Bonner Durchmusterung thru 10th magnitude $ 106.00
The Astronomical Catalogue thru 21st magnitude $ 2500.00

The Maryland Academy of Sciences, Baltimore, Marylaund, issues yearly
a "Graphic Time Table of the Ileavens' (published in January issue of Sky and Tele-
scope for each new year) which provides general information on astronomical evenis
during the year. Figure I-15 is a sample for the year 1863. Wall chart size 40 x
27 is available at $1.50 a copy. Thosc involved in applications involving celestial
environment are referred to their local astronomical association or society and its
official magazine "Sky and Telescope' for up to date information on astronomical
observations, etc.

11 SURFACE ENVIRONMENT

Operation of Electro-Optical equipment and/or systems for surveillance, de-
tection, tracking resolution, identification or discrimination of objects and terrain
against surface background and environment will depe «: primarily on variation of
reflectivity (contrast) of the objects' surface and baclyg sund features.

The brightness of an object (distributed or point sources) to be observed vs the
makeup of the surface background environment is dependent on the illumination
reaching the scene and object, and the reflectance of the scene and object surface
in the direction of the observer (sensor). The table below gives the illuminatioit on
earth's surface under various conditions. This is a composite table of many sources;
variances of 2 to 1 are common (in some cases as much as 4 to 1) depending on
source_and measurement technique used. Since the illumination of interest is the
total illumination from the whole sky (1/2 the complete celestial sphere or 27 stera-
dians) this is the value tabulated below,

Direct Sunlight — clear summer day at noon 1.0 % 104 ft candles -
lumens/ft2

- 8ky-light-clear summer day at noon (20% of Sunlight) .2 x 10% ft candles

_ Total Flux Direct Sunlight and Skylight at noon 1.2 x 10% ft candles
Sun on Horizon ' . . 275 ft candles
Daylight — cloudy ' 100 ft candles
Very dark day and sunset 10 ft candles
Twilight i ft candle
Late Twilight 10-1 ft candles
Full moonlight, clear bright night, (moon at zenith) 3 X 10-2 ft candles
Full moonlight clear night 1 hour after twilight 2 X 10-2 ft candles

1-40




G W4008TILL ONV ABS ‘[P6) ‘Aconus]

£96] ‘dnnaef ‘sacosTTa] ONY ANS UL

b
—

gam oo g

'k

R

-

~¥ .-
H

o ;J‘ :

«

~
it

e e

_’(/

~' »
A

i

§g’l_

P/

LA AN BT WU DR RN —— ES.mee €O4s  fenta @ LV IR B
e - —————— e i —_— _——— -
u I 3 T 3 2 L3 o 2 4 2 3 m -* 3 »»‘»bu, 2 -
[N GRE- S S PRI P 4 - ¥ + 4 JUPSEN O P S 8 e
L&) ¥
_4|\|rl| .r Aww “
—l!‘.-.- —~ . lnvon n! -A - . . -'T
SR R ” I
o Y ‘. AN e
P 1 ] v +
g <, !
i P A 1
e ] N,
IlJfL N
T '
]
|

® ete
@ e

L)
N sorame

Al

FE mareer saniams sopma

T isemerier
7 aimees
? wem

.. t Y i i
-4 . PR
ASLNEHE
e i SR AN
TR N :
l._““\.ﬂllu .wl.\.r ERIA
-J. H ¢ i _/,,4/,
) lr S _r.@r
%) R SRR RIS N
O RN
z SR ! H |
W W I U I
= Covg L
(@] —..V.- N h.. .o w /l. mu
0« o ! N
u ¥ ' ,
Oy £l
> = . :
< . ™ - :
u o @ e
Q pold ER I DRSS
g W ‘]unan.n.ﬂt‘.rob.qlhm
< 5 ~ i
O o a S P
< O w I
- > '
9y
Z %
< =
S o
¥
% g
da
= O
w H
*IA
H
: A
-»ﬁ-_, LR B | L
a o+ 1 a 0w 2 g
|
F‘)‘})SIJ)}))JIJJ)JJJIJJJ)JJ‘JJJJJJJJJ.sllrﬂ JJJJJJJJ

———

—— 4

' . ’
e e
ol

T
-
—
.

A

z

N et ot
7
| 3 .
—————
I
—

T
-.--1{ -

|
i
%
-
i

okr
b

B seet maerse
O, tme aene
q soet wmerres

1

b
-
e
i

PN
)/
e —

s e

e
< !

o~ <wd.\.,/f m
ﬂ//r _o i tw — 3
SRS & w
LL. X b ;

————
® et

-
b}
~

— A F A EKREEEEAES sarans

Graphic Time Table of the Heavens

Figure I-15.

[-41

4

f’%“\“ }! r

" = 5

Tt Tabat P
F LA [ Guins W7

Fem e

%
1Y

Best A




Full moounlight moderately cloudy night 4.5 N 10-3 ft candles

Quarter moon, clear night 10-3 ft candles
Clear moonless night Starlight only 10-% ft ~andles
Moonless -- Heavily Clouded night 10-9 ft candles
Interior — typical normal {ov daylight 20 [t candles
Interioxr — typical normal for artificial light 10 ft candles

The variation of sky illumination for total sky versus the moon phase and posi-
tion eltect the total sky brightness and is illustrated by Figure I-12B,

C. ATMOSPHERIC EFFECTS

The earth’'s atmosphere greatly effects the quality and extent of seeing" pos-
sible with ultra viotet. visual and infrared photographic and electro-optical equip-
ments, It causes 1imits beyond which 1i will be very difficult or impossible to "'see’'.
It i{s this atmospheric "'seeing' which causes the tremendous interest and need for
an Orbiting Astronomical Observatory. The advent of the G. E. low light level thin
film MgO Image Orthicon, because of its tremendous "high speed” in relation to
film, offers new possibilities [or reducing the problem. It will be covered in detail
later in Section H-C, suffice it to say, we have a new research and measuring tool
here that will help us cut the atmospheric effects and alter some of the limits ac-
cordingly,

The atmospheric effects and their limitations as covered in this section are:

1. Retraction

oo
.

Absorption
3. Scattering of Light and Haze Background
4, Dancing
3. Scintillation
6. Pulsation
7. Defocusing
8. Inversion Layer
9. Dust and Smoke Content
10, Weather
For aero-space surveillance systems these elfects place certain restrictions
on equipment performance. For moderately short focal lengths (under 50") as

would be expected to be used for surveillance, the dancing and pulsation effects
will be negligible on normally "good" nights.




REFRACTION

a.  General Description

The effect of atmospheric refraction upon the propagation of light rays from

a catellite is an eftective bending of the path of each ray. As a result the satellite
is observed at a higher clevation angle than that ol its true position.
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Figure I-16.

Refraction follows a definite pattern although there are day-to-day and hour-
to-hour variations due primarily to temperature and pressure. These are usually
small and often will be within equipment and/or systems tolerances. Refraction
varies with elevation angle.

The magnitude of the refraction exror (Ep - ET) depends upon the position of
the satellite with respect fo the earth and the index of refraction along the path of
observation. Since the magnitude of the index of refraction is a function of such
parsmeters as observer's location on the earth, weather, time of day, and season
of the vear, it becomes an overwhelming task to conduct a complete analysis,
Thercfore, to simplify the analytical problem, atmespheric models which are re~
presentative of average conditions are employed.

Different atmospheric models show similar results,

Norton's Star Atlas (7) gives the mean refraction for 50°F {102C) and 29. 6"

=

(752 mm) Barometer, when looking from earth to objects at infinity; also sec Fig-
ure 1-17.

For other temperatures, add 1% per 5°F if cooler (subtract if hotter).

For other pressures add 3 1/2% per inch if higher.

MA. P. Norton, Worton's Star Atlas, Gall and Inglis, London and Edinburgh,
194G,
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Figure 1-17. Refraction Correction (subtract) for Observed Elevation Angles,
Object at Infinity




Observed Subtract Observed Subtract Observed Subtract
Elevation Refrac- Elevation Refrac- Elevation Refrac-
Angle tion Angle tion Angle tion

00 34154 50 947" 250 23"
1/40 31'30" 60 823" 300 1'40"
1/20 29'3" 70 7'20" 350 1122
3/4° 26'35" 80 6'30" 400 109"
10 24'25" 10© 5'19" 4590 58"
20 819" 120 4125" 509 48"
30 14'15" 1590 3r32n 650 27"
40 11'39" 200 2'37 800 10"

The results of two other atmospheric models under standard conditions (760 mm

and 0°C) are shown in the Table below:

Apparent Elevation

Flane Parallel
Layer Model

Concentric Spherical
Shell Model

200

25
30
45
60
75
90

166.
129. 55
104. 12
60. 38
34,86
16,18
0.00

06 Sec

164.
128,
104,

60.3

34.
16.
0.

50 dec

82

The theories leading to the data of the above table have been verified ex~

perimentally by McCruady, Pawsey and Payne-Scott, and Marner and Ringen.,
data for the concentric spherical shell model is plotted in Figure I-18.

The

The major varifations in this data are due to changes in weather, satellite
These variations will now be considered in detail.

position, etc.

The refractive index (m) used in the atmospheric moael can be written as:

m=’1+a%+b-%2

where:

a, b = constants

P - partial pressurve of dry air

e = partial pressure of water vapor

T - temperature of air

Eq. I-1
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The first two terms (1 = a P/T) apply to both optical and radio frequencies
while the third term (b e/T2) is an explicit water vapor relationship required only at
radio frequencies. The variation with T and P for optical wavelengths has been
tabulated in reference #16 and is discussed below. Several other miscellaneous
factors affect the atmospheric mode! and will also be considered.

b. Variation with Surface Air Temperature

The data of the following table is hased upon a surface air temperature of
0°C (320F), At other temperatures the refraction differs, becoming greater at
lower temperatures and less at higher temperatures. 1'sing tabulated corrections
in reference #16 the following table has been prepared 1o illustrate the variation
with surface air temperature, assuming a target at infi ity (worst case).

Apparent | Standard | _Standard (+320F) _ YOF +1000F

Elevation | Refraction || Error|% Error Error| Error | Error |'p Error
20° 164 sec 0 | -32 sec| -18% 18 sec +11%
300 104 0 0 -18 -17 18 +17
500 50 ¢ .12 -24 6 +12
90° 0 0 | 0 -0 0 0 0

¢. Variation with Atmospheric Pressure

The data of the table above is based upon an atmospheric pressure of
760 mm (29.83 inches or 1010 r illibars) at sea level, At other pressures the re-
fraction differs, becoming greater as pressure increases, and smaller as it de-
creases. A study oi the tabulated corrections in reference (8) reveals that the
maximum change in the data of the table for a barometric pressure variation of
28,2 - 32.2 inches of mercury is approximately 5. This corresponds to a target
at infinity with an apparent elevation angle of 20° or more.

d. Variation with Humidity

Humidity has a relatively slight effect on atmospheric refraction at optical
frequencies. (This is not true for radio frequencies.) The variation at the hor.zon
from completely dry air to very moist air is less than £1%, See Reference #8,

e. Variation with Wind

Wind is believed to have some effect upon refraction, the change apparently
increasing as the square of the wind velocity. However, at 30 knots the change on
the horizon is believed to be less than +1%.

f. Variation with Latitude

Latitude has a slight effect upon refraction because of the decrease in the
radius of the earth and the increase of gravity as latitude increases. The variation
at the horizon is about +1%.

(8)N. Bowditch, American Practical Navigator, US Navy Hydrographic Office

Publication #9, 1958,
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g. Variation with Wavelength

The various wavelengths present in the sensor spectrum (3000-7 0004 for
the 1. 0.) are refracted through slightly different amounts. The total dispersion
at the horizon for the 1.0, is approximaiely +1%.

h, Variation with Range

The classical astronomy references are concerned only with heavenly bodies
which are considered to be at a slant range of infinity. Thus the data in the refrac-
tion tables are based upon a range of infinity. However, for satellites this is not
necessarily true. G. H. Millman (reference #9) has investigated this variation in
atmospheric refraction for radio wawes using the water vapor term in equation I-1
for the refractive index. It was found that the variation for slant ranges other than
infinity is very small. For example the variation with a change in range from
1000 nm to infinity is one percent or less, Likewise the variation with a change in
range from 100 nm to infinity is threc percent or less.

i. Summary of Variations

It should be noted that all values given above represent the maximum per-
centage variations expected. Since the atmospheric refraction error itself decreascs
as the elevation increases, the resulting variation also decreases with elevation.

The expected variation is also reduced by the fact that the atmospheric model as-
sumes some value of each parameter near the mean of the extreme limits discussed
above.

Thus it can be concluded that the maximum variation in atmospheric re-
fraction error due to weather conditions, range, etc., would be less than £30%.
If continuous ground temperature and parametric pressure information was factored
into the atmospheric refraction error calculation, a variation of not more than +10%
would be expected. See Figure 1-19.

j. Effect on Field of View

The differential change of refraction across the field of view of a selected
lens is generally negligible, however, the size change should be checked since a
change of elevation will, in effect, change the size of the field of view and cause
apparent star motions. This must be taken into account in an MTI equipment as
the size change amounts to many resolution elements when at the lower angles
eéven for small (39) fields of view. In addition, if star field pictures are taken at
one elevation angle and compared to the same field taken later at a different eleva-
tion angle the size change due to refraction could be the largest error causing non-
cancellation. Fortunately, this error is fairly consistent and thus can be program-
corrected either by hand or automatically.

k. Effect on Angle Measurement

The combined effzct of the variations summarized in Figure I-19 and the
error across the field of view (assuming a bias correction) given by Figure 1-21
is analyzed in Section IV,

®)3. H. Miliman, Atmospheric and Extraterrestial Effects on Radio Wave
Propagation, GE Co. Report ﬁ'ﬂ RETEMHZD.
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The above bias error can be compensated for by adding a correction which
is a functicn of the mount elevation angle and the field of view. I this is done the
errcr in angular measurement is reduced to that arising from the difference in re-
fraction across the field of view. The magnitude of the remaining error can be
obtained from Figure I-18 as shown in Figure I-20.

T L)
o CaE &g
! W
J | y
o ! i |
e | | I 3
b
o i
S / | %gﬁ l
5 ,
3 ! J! |
& / ’ Sl 2
) | < =
/ . 1 &2, LUI ’
¢ FleLo
a0 * orvew

Figure 1-20.

The maximum error due to the change in atmospheric refraction across
the field of view is then given by AE which is plotted in Figure I-21 for minimum
elevation angles of 20, 30 and 50 degrees.

2. ABSORPTION

The generally accepted values of clear weather atmospheric absorption at the
zenith are about 15% or +0.21 mag absorption/air mass for visual response and
30% or 40.44 mag/air mass at p» raphic (103a-O) response. For S-20 photo-
cathode response this value would 0.15 to0 0. 17 mag/air mass for low tempera-
ture sources (<.2000°K) and ithe vis> .1 values or more for high temperature sources

» (>40000K), For other Elevations:
Total Attenuation Loss

Elevation  Absorption  Additional Photo-  Photo- $-20
Angle or Distance in Mag Loss graphic visual (<2000°K
"Altitude”  Alr Masses Pg) (pv) & 520 Targets)
90 & 809 1.0 .00 .44 mag .21 mag .16 mag

70 1.1 .0103 .45 .22 .17

60 1.2 .096 .54 .30 .25°

50 1.3 . 283 72 .49 .44

40 1.6 .07 1.01 .78 R

30 2.0 .75 1.19 . 96 .91

20 2.9 1.13 1.59 1,36 1.31

10 5.6 1.86 2.3 2.07 2,02
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Norton's Star Atlas (6) gives absorption for different angles as follows: (these
are less than above)

Zenith distance (Angle from Zenith)
470 580 640 690 710 739 750 770 790 800 840 860 880 890
No. of Mags Diminished
0.1 .2 .3 .4 .5 .6 T .8 .9 1 1.5 2 2.5 3

The following brief data is taken from Allen (2), For further detail his re-
ferenced work is advised.

Fractional Atmospheric Transmission to total solar radiation in clear air for
various water vapor content and elevation is presented below:

Water Vapor in cm of precipitable v ater per unit air mass

Air Mass 0.0 .5 1.0 2.0 3.0 4.0
.5 . 902 .852 . 837 .821 .812 .805
1.0 (90° E1} .859 . 794 778 762 . 752 . 745
2.0 (30° El) .796 L7158 . 699 . 682 .671 . 644
3.0 (19-1/2° El) .743 . 652 . 636 .618 . 609 . 604
4.0 (14-1/2° E1) T4 . 607 .590 572 .565 .560

Figure 1-22 represents the summary effect of various atmospheric conditions as
given in Allen (2).

3. SCATTERING OF LIGHT AND HAZE (NIGHT-TIME AND DAYLIGHT)

Scattering of light is caused primarily by the water vapor content and dust in
the atmosphere. When the water vapor content approaches saturation, haze in-
creases and finally thickens to the point of fog conditions. The primary effect of
scattering under normally clear conditions (low water vapor content) is loss of con-
trast in addition to a normal amount of attenuation.

In the case of haze some improvement with filtering is possible, depending on
its extent. No. 3, 8, 15, 21, 23A, 25, 29, 92, and 79 Wratten cut off filters (pro-
gressively light yellow into red) are useful in improving contrast. (See Figu‘ri
1-23.) Since the response of tl:e 8-20 photocathode surface extends to 8000 + A,
the 92, 89B, and 87C are effective in extending daylight seeing ability. For instance,
an 89B filter with a 40' focal iength lens and a S-20 photocathode Image Orthicon,
will permit tracking of 1st mag. stars throughout a bright clear daylight sky. With-
out filters, several magnitudes brighter will be required. In daytime exercises
with I, O.'s, the less sensitive S-10 tubes with a 23A, 25, or 29 Wratten cut off
filter are generally best for building up contrast against a clear blue or hazy blue
sky. A red filter (#29) will help sharpen distant scenes over nearby vegetation or
‘& valley,

Noto: A single gelatin filter will attenuate about density 3 maximum.
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Figure 1-22. Increase in Visual Magnitude Due to Atmospheric Attenuation

The signal-to-nolse improvement is due to the ditferense of the scattering co-
efficient of haze from all other sicurces, v the direct spectral fllumination from
the object diffumed by the haze, which improvens with longer wavelengths, For more
detalin on &iF glow, sec the dincunnion in Section [-B,

Monochromatic filters can be uset to cut down the refractive components caused
hy ntmowpheric disturbances that produee distortions and limit high resolution
uhility.  However, since may single look angle may actually see through several
Hyers ol disturbance, then a single tilter would no longer be helpful, Therefore,
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the improvement may only be partial and then only on '"good'" seeing conditions.
More tests are needed to define the areas and conditions of use and extent of im-
provement possible, and will be reported accordingly.

For the higher northern latitudes (also southern) the cold upper air water con-
tent more generally will be in the form of ice crystals, which in addition to scatter-
ing alsc act as reflectors; and since there may be many reflectors, some are always
glinting; thus, the sky will be apparently much brighter than one would otherwise
expect from calculations. This is particularly true under meconlight conditions
where in essence we can have two bright sources of light (the sun not necessarily
being just below the horizon) as the scatter and glint effect carries sun glint as well
as moonlight through the atmosphere with n.uch less than normal isolation.

Scattered light is partially polarized (15'%) approximately in the plane of the
sun’s path but for only that light due to the sun (approximately 15%); so polarization
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filtering will not be very elfective, (15% of 15'5). especially when filter losses are
considered. TFiltering in general, will offer only a partial improvement of signal

to noise ratio as the sun and most nearby stars have, in general, the same spectrum,
However, in cases of air glow Hr light haze, some recovery of otherwise lost per-
formance is possible. A red filter is helpful in "thinning" the Milky Way (because

of predominance of ""blue’ stars) but again this recovers only a portion of the lost
performance since it cuts down the signal too!

4. DANCING (POSITION VARIATION)

This effect describes the phencmenon of change of observing angle scross the
picture with time. These changes are readily apparent with long focal length optics
(450 + inches). The frequency and extent of this dancing varies with the stability
and '"'seeing" conditions of the sky. It is primarily caused by temperature differen-
tials and moving layers.

Dancing is defined as the motion of an image about some mean position in a
random manner. This motion is highly correlated over a field of view of several
degrees of arc, For this reason it is associated with atmospheric disturbances
nearer the surface of the earth as a result of formation of warm air cells at the
surface of the earth, which periodically break loose and rise into the atmosphere.

The spectrum of the dancing frequency contains several peak regions. The
first often occurs arcund 0.05 cps. The second peak may occur around 1 ¢ps and
is also associated with turbulence near the cbserver.

The larger and obvious motions are low in frequency (.05 to 5 cy/sec), though
motion may extend into the kilocycle range for smaller amplitudes. Thus on a
"zood'' night, dancing amounts to 1 to 2 decond3 of arc; on a poor night it is 6 to 10
$ed and even in the 10 to 15 e region quite often; the large values are lower in
frequency. No work involving "seeing'' would be conducted on hot humid days as
the results can have fluctnations in the degreé range.

The dancing effect severely limits simultaneous comparison of base-line sepa-
rate 1 photos even for a few feet separaticn due to the different atmospheric paths.
Figure I-3A illustrates this problem. When the photos are viewed in stereo, several
levels of star backgrounds are apparent and these were taken only a few seconds of
time apart! These photos were taken with the same eyuipment from the same mount
so linearity and equipment distortions should have cancelled from picture-to-picture.
The field was large and 1/5th sec. eye integration was used so that the usual scin-
titlation effects should have been small, if any.

Since the tain film Image Orthicon can be exposed for short periods by control-
ling the photocathode bias, it is a new means to explore this phenomenon and (hope-
fully) partially conquer it,

For short exposures (less than 30 millisecs) dancing will materially effect
position and thus affect cancellation in MTI but if integrated ov.r long periods, it
averages out and thus does not affect stellar position data obtained over reasonable
periods (10 seconds or more).
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5. SCINTILLATION (VARIATION OF INTENSITY)

Scintillation (intensity modulation dite to instantaneous reflection and absorp‘ion
of particies in atmosphere, primarily water vapor) can be quite extreme; even
bright stars twinkle! However, for all normal continuous looks, integration over
a moderate time (1/5 sec. or s0) will reduce or eliminate this as a problem. With
short exposures, as is possible with the MgO 1.0, 's, the period and frequency will
be important since as the scintillation period is approached, stars and targets may
be completely lost (when the signal comes through similar or nearly similar paths)
in some fast short exposures.

The frequency of scintillation is primarily in the 0.1 to 20 cy/sec. range and
may cause a 109% modulation of received intensity. Scintillation in the lower fre-
quency range has been studied quite extensively and is generally correlated to the
wind conditions at or near the tropopause. The extent occurs over several seconds
of arc, but tends to cancel out after 20 seconds ol arc. This explains the reduction
of scintillation with planets as compared to stars. Figure I-3A and B illustraies
how this, the dancing and refractive effects combine to vary star positions within a
field of view to such extent as to effect cancellation if stereo methods are being
considered.

The source of this phenomenon is attributed to the winds near the tropopause
(25-55 kilofeet) depending on latitude and time of year.

Since scintillation varies inversely as a function of the transmit-receive cone
size, scintillation will be reduced by using larger apertures. That is, the resultant
scintillation over a large aperfure approaches zero. At the same time the de ail
content attainable in the image may not be improved by the larger aperture, as it
may appear to be defocused (see discussion on Pulsation in following paragraphs).

6. PULSATION (CHANGE OF SIZE OF IMAGE)

This phenomenon is closely aligned to diffusion and change of focus, but since
it is readily apparent, even with small optical telescope systems, and is of higher
frequency, it is generally classed separately. Pulsation is generally attributed to
intermediate layers of disturbance; however, this is still open to discussion.

Pul=aiion defines the change of point source image size with time and is random
in nature. The smaller size apertures give sharper images, the large size, ifuzzy
images. At higher powers the image looks like a pinwheel moving first in one direc-
tion and then the other with the rays receding and extending randomly.

Change of point source size with time (pulsation) will cause incomplete cancel-
lation in comparison circuitry. It will cause increased element occupancy when
integrated over longer time periodz in an attempt to get lower cancellation false
alarm rates.

The effect is readily studied by the variation size of stars (point sources) imaged
on a film plate or focal plane. The amallest possible image, of course, will be
limited by the circle of confusion of the optics involved and is not to be confused
with the pulsing effect itself.

It is generally believed that the sharpest or smallest image Is also the true
image. As the image of a larger object (other than point source) is resolved, the
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exact shape comes under question since both pulsation effects and dancing effects
are apparent. Analysis of the effect to date points to validity in the assumption that
the smallest, sharpest is probably the more exact - but there is still some question.

7. DEFOCUSING

There is very little literature on the defocusing phenomenon and less on the
defocusing gradicnts. Astronomers have long noted that longer focal length photo-
graphs of the moon and planets move in and vut of fecus over a period (generally on
a 1/2 to 2-1/2 min. cycle). Since it is relatively slow, techniques are more easily
adapted (most involve manual control} to vary the focus to obhtain good focus over
long exposure times, or simply shutter exposure to those periods of good focus.

The extent of area or angle within a given field of view that will be in focus at
any one time is probably more a functira of aperiure than field of view. That is,
‘this problem is more pronounced with larger apertures (20" or more) than with
small (less than 10 inches) apertures. Ewven short exposures, 5 milliseconds or so,
exhibit this effect.

More studies are necessary betfore this phenomenon and its causes are better
understood. Defocusing is not of serious concern except in high resolution work.

8. INVERSION LAYER

When working with larger apertures, 12" (to a small degree) and especially
over 24", the inversion layer introduces distortions. The atmosphere, due to this
phenomenon, acts to refract various parts of a plane wave by different amounts,

9. DUST AND SMOKE CONTENT

Dust in the atmosphere can be a serious limitation on '"good seeing'' but since
it is primarily a matter of site location, due to local wind and air conditions, it
should be treated as an important factor influencing site selection and thus hopefully
eliminated or at least minimized as a factor,

Smoke effects predominaitly the photographic (blue) and visaal wavelengths
with little or no effect as the near and infrared wavelengths are used. For instance,
even the §-1 photocathode surface will see through all but the very dense smokes,
provided, of course, visual cut off filters are used to limit saturation from nearside
light reflected from the smoke itself,

10. WEATHER

Except for light haze and smoke, visual and near infrared equipments are, for
all practical purposes, limited to clear weather operation. However, even the S-20
response, which extends to .85 microns, permits penetration of haze and very light
fogs provided red cutoif filters are used to cut down saturation from nearside re-
flected and scattered light. See Figure 1-24. Figure I-25 shows that even without
filters the improvement to .85 microns permits viewing through light overcast
even though not possible with eye.

Light and moderate fogs can be penetrated to a degree by use of inirared; the
further into the infrared, the better the penetration. The S-1, with an 87C Wratten
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Figure 1-25. NASA Wallops Istand Balloon, Viewed from Schenectady
by GE Electro-Optical System: 6:30 PM 2/27/69; Range 600 Miles;
Scan 1/30 Second: Optics 2.8 Inch

filter to cutoff nearside reflected light to reduce saturation of the tube, will pene-
trate reasonable distances in light and medium fogs. See Figure 1-22 in addition
to Figure 1-23.

Where missile launch monitoring is desired, the flame energy can be seen
using near infrared, though visually it will not be observable. Here it is a matter
of getting the sensing equipment nearby and then following the missile up through
the fog. The success here is due to the fact that though the fog penetration is
imposgsible for gnly relatively short horizontal distances, the vertical or dititude
thickness of fog is relatively small, The denser fogs generally being more com-
pact in thickness are thus penetrated as are the lignter fogs; 1500 to 3500 ft. thick-
ness being reasonable estimates from weather bureau data.

For more detail discussion, see G. E. TIS Reports on this subject.
Rain is more readily penetrated using near infrared than would normally be
expected. In fact, heavy rain is often less of a problem than light rain especially

in scene surveillance. Snow, as particle size increases, is more heavily attenuated;
however, again penetration is better than with fogs. Red and deep red filtering
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heips to cut down nearside reflection and light from saturating sensing element and
thus improves penetration ability,

. 11, SUMMING UP THE EFFECTS

The common important factor is the frequency or time dependence of the "Seeing'
problems. Tf short exposures are made (approximately 5 msec or shorter) dancing
is stopped, as is defocusing in portions of the field, thus leading to sharp images.
For an appreciable fraction of the time, a pulsating image will also remain sharp,
if the exposure is made at ihe time of smallest image. In "excellent" seeing the
stable coadition may last from 10 to 20 msec. Inversion layer spectra shows simi-
lar eff{ects but much more needs to ke done to document and thoroughly explain the
effects which for the most part are random with time, though they may have some
periodicity.

Thus little can be done with direct processing until more knowledge is available.
The 1. O. 's sensitivity coupled with its ability to be exposed at varying controlled
times offers hope for some breakthroughs; in the meantime, we will have to design
around many "Seeing' errors. G.E. Photo-electric Observatory Report( 0) treats
"seeing' problems in more detail.

D. TARGET BRIGHTNESS FACTORS

The targets or objects to be detected, separated, confirmed, resolved, tracked,
etc., must have one »r more characteristics distinct enough for detection wiih re-
spect to background. [hus, besides being bright enough for detection, at least one
other characteristic (most commonly, motion) must also be present to confirm
separation. The factors include the following:

Velocity and Location
Mllumination and/or Brightness
Reflectivity

Illumination period

Spectral Response

. Attitude

A priori Information

qacn-h_w.wz-‘

The rates and brightnesses(11) of medium and high altitude satellites and space
probe targets dictate different parameters and trades in the system synthesis and
thus represent important considerations for establishing performance.

NOTE 1. 1t is usually the relative target velocity that sets performance

limit and affects other criteria; hence it should be established early in
the system analysis procedure.

(10)5, F. Spalding. Photo-Electric Observatory Report #3. G.E. Co.
#61GL.146, 1961.

(11)p, J. LaCombe, The Prediction of the Brightness of a Body in Space, GE
Co. Report #TIS R62EMH60.
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NOTE 2, In addition to the data given in this section, the Volunteer Satel-
lite Tracking Program - Phototrack Bulletin has been included in Appendix
VI for reference.

1. TARGET VELOCITIES (RELATIVE TO BACKGROUND)

The targets and objects that are to be detected, etc., against the sky noise
background include such a wide range of velocities, altitudes, locations, and direc-
tions that no one method will cover all possibilities.

A satellite will have a zenith (maximum) angular rate set by its period, which
is proportional to the 3/2 power of its distance from the center of the earth.

The angular velocities involved range from retrograde velocities (backwards
to earth's rotation) through zero, relative to celestial rate (earth rotation 15°/hr),
to 39/sec for a 100 mile altitude satellite.

At 3000 miles the zenith angular rate is 3.5° per minute of time.

At moon distances the rate will resemble that of the moon or approximately
one hr/day; 15° per 24 hrs., 0.6 §id/min. of time.

For other values refer to Figure I-25,
The targets can usually be grouped into four categories involving their velocity:

(a) Low altitude targets (orbiting satellites and hallistic trajectory targets)
100 to 2000 miles. (3° to 0. 19/second)

(b) Medium altitude targets (orbiting satellites, high lob missiles, etc.)
1200 to 30,000 miles. (150 to 19/minute) (15 Se¢/sec to 1 €ed/sec. )

(c) High altitude targets (orbiting satellites, including synchronous satellites,
moon orbits, etc.), 15,000 to 300,000 miles. (19/min. to sidereal rate
or even retrograde)

(d) Space probes 100,000 miles or greater. (At or near sidereal rates),

Low altitude satellites are illuminated for only a few hours of the day and can
be catalogued by the active radar network and thus are not considered targets for
Electro-Optical surveillance, except as they would affect false alarm rate unless
considered. Medium and high altitude satellites and space probes provide a field
of application for electro-optical requirements/systems, and are also generally
well beyond the capalilities of the most powerful radars. Figure I-26 illustrates
the range of velocities of orbiting vehicles and space probes.

2. ILLUMINATION FACTORS

a. Illumination Sources and Object Size and Location

A target or object in orbit or on a ballistic trajectory (unless carrying a
brighter self-contained light or energy source) normally will be illuminated by one
or more of the following: the sun, the moon albedo, the earth albedo, or a directed
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light beam or other energy source (such as a laser), Since we are considering only
passive systems, the latter possibilities will not be discusscd.

If the target 1s not in the shadow of the earth (or moon) the primary source
of illumination (for objects within the solar system boundaries) will be the sun, with
much less from the moon or earth albedo. '

The sun's total brightness is -26. 8 magnitudes
The full moon is -12, 2 magnitudes
The earth illuminated (new moon) is -2, 0 magnitudes




The luminous intensity of a specularly reflecting spheve is

(1) I=a FR2/4 where a) is the retiectance e‘ficiency

F) is the Incident Radiation (14,200 ft. candles trom
the sun af earth distance)

or 1.42 ¥ 10% lumens/ft2
R) is the object radius
The luminous intensity of a diffuse sphsre with full phase (09) illumination
is
) I=2/3aF R? K wheie K is the phase function and is equal fo 1

K - - Q) cc:sd) + sin0

[

at full phase

The resulting illumination to the observer is inversely proportionai t¢ the
square of its distance from the observer; i.e., E = 1/D2 when D is <<than the sun-
earth distance.

The following table gives the photo-visual magnitudes of a one meter radius,
100'% reflecting diffuse, full phase sphere at various ranges whea illuminated by the
sun and viewed throuch one standard atmosphere for absorptior (xenith). For other
clevation angles and conditions, see Figure I-22.

d m d m
Miles Photo-visual Miles Photo-visual
100 -0.3 700 3.8
150 +0.6 800 4,2
200 +1,2 900 4.5
250 . +1,7 1000 4.7
300 2,1 1200 5.1
350 +2.4 1500 5.6
400 2.7 2000 6,2
450 3.0 3000 7.1
500 3.2 4000 7.7
609 3.6 5000 8.2

See Figure [-27 for other values.

The specular sphere is dimm. » than a full phase diffuse sphere by the
ratio of the constants 2/3 and 1/4 for formulas 1 and 2 and thus is 3/8ths (this cor-
responds to 83,79 phase of a diffuse sphere) and is constant regardless of phase,
Thus to convert from a full phase diffuse t- a specular reflector add 1.05 mag. and
do not correct fo. 3 angle.

For greater ranges add 5 mag. for every 10 times of range. See Figure
I-28,
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For other sizes:

a change of (+) 1.58 in diameter, change (-) 1 mag.
a change of (+) 3. 17 in diameter, change (-) 2-1/2 mag.
! a change of (+) 19 in diameter, change (-) 5 mag.

For other values, see Figure 1-28.

b. Phase Angle of Illumination (similar to moon phases), Diffuse Sphere Only

The intensity of reflection illumina’ion of a diffuse sphere is proportional
to the an>ount of illuminated area reflec..ng toward the detector, i.e., the illumina-
tion varies with the phase angle (angle of illumiration source to object to observer).

The following table lists typical values of the phase function {K) and the
corresponding magnitude differences for various phase angles. For other values
refer to Figure 1-29.

Phase Angle (9) Phase Function (K) Add Magnitude (r::)
200 . 955 .06
400 .805 .25
. 609 . 605 .55
.. - 83.7° .375 1. 95
| 1290 .11 2.4
L 140° . 035 3.6
1600 . 005 5.8

MMumination or Brightness change rate can help identify an elliptical orbit
condition by the rate of change of brightness. However, reflectivity and target at-
titude may overshadow this effect; consequently, it can not noirmally be used.

3. REFLECTIVITY FACTORS
The energy reflected (radiated or re-radiated) depends on the suiface reflec-

tivity (from snining metal to-dull black absorption type paint). The foliowing table
illustrates corrections for various reflectivities: See Figure I-30.

90% Add -, 16 mag
60% Add .66 mag
40% Add 1.0 mag
16% - Add 2.0 mag
6.3% Add 3.0 mag
2,5% Add 4.0 mag
1% Add 5.0 mag
0.1% Add 7.5 mag

01% - Add 10.0 mag

4. ILLUMINATION PERIOD
The period of day that a low altitude satellite is illuminated depends on its alti-

tude, the calendar day and the latitude of the observer. Figures I-31A and I-31B
are typical of 45 and 300 latitudes.
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Higher altitudes than shown are illuminated nearly or wholly throughout the

night hours,

5. SPECTRAL BRESPONSE

The spectral response depends, ol course, on the illumination source and the

body itselt. For the most part we are concerned only with sun illuminated objects.

PN P S AT GO =o' V-t s ¢ S W b

e

1-67

P L k)




_ 3OVAENS 40 ALINLDZ 438
oN N N

y of

CHANGE

a Reflecting Object

MAGNITUDE

3

(@] o] st e .. . . i
m%mm % m‘uu [52] o] QOLN QG «j o o ol m0w876 N ¢ O
|
—4— -4 - W
] 4 — - —_— 4 - R S—
<
— o { S - +4+ 4+t 44 4
] I

1

Figure I-30. Magnitude Change with Percent Reflectivit

1-68



{ LOCAL)

TIME

(=
Q
©
<

20¢
(11114
009

0001

14

TY O
MR

Yy A

Py

45° N, (Sunrise and

Sunset Times for a Satellite at Various Heights (miles)

Mlumination of a Satellite, etc.,

Figure [-31A,

P S




. - 20 22  MIDNIGHT 2 4 6 8

+ LONGITUDE WEST
FOR STANDARD TIME ADD OF STABOARD

- LONGITUDE EAST

Flgm;e 1-31B, Ilumination of a Satellite, etc., 30° N, (Sunrise and
’ Sunset Times for a Satellite at Various Helghts (miles)

However, with infrared electro-optical equipment, the target's temperature will
establish the value of luminosity, Thus, each case should be checked carefully if
not specifically defined in the requirements. The matching of object vs background
to sensing element spectral response can he of great use in confirming specific ol-
jects, though normally the differences from the sun spectrum will be small, How-
ever, we might be concerned with differences in spectra of stars to object, as many
stars differ in the infrared regions though normally the energy values are too low
for satisfactory results.



6. ATTITUDE

The attiiude of the target may be used as a separation method but it is more
important as an identification feature, i.e., tumbling, spinning or other motion
setting up periodic variations of reflectivity can help provide identification and pur-
pose of the object. The presence of "Paddle Wheels" etc., are a factor especially
in size and glint conditions in considering separations as well as identification,

7. A PRIORI INFORMATION -- ORBITAL PARAMETERS

Knowledge of type, sizes, drag ratio, orbital parameters, etc., of expected
and possible configurations of vehicles will ofter aid in separation of object as well
as identification and classing of various objects, and thus this becomes important
to the art.

E. PASSIVE OPTICAL TECHNIQUES FOR SEPARATING OBJECTS

An introductory discussion of techniques for separating objects from a celes-
tial background was given in Section I-A. The various passive techniques specifi-
cally suited to the aerospace surveillance task are outlined in this and subsection
F. In Section IV, systems applications of these techniques are reviewed and ana-
lyzed for probable performance,

The two basic separation methods are the Binocular (stereo) baseline (two or
more simultaneous looks to stereo {3D) separate an object located between observer
and the stellar background), and the monnrocular (single station) using catalog com-
parison methods; that is: the separation of a new object from the celestial environ-
ment is by comparison of the present with that of some interval catalogued in the
past. The advantages, disadvantages and system conditions are discussed in Sec-
tion IV,

1. BASELINE (MULTI SENSOR) SEPARATION TECHNIQUES

Where immediate recognition of an object not at infinity is desired or .f the
catalogue reference of a single site may not be sufficiently up-to-date, then two
baseline separated sensors can be used to "triangulate' and separaie objects from
the stellar background (infinity}: 3D or Stereo Effect.

The two sensors or sites are separated ou the earth's surface by some base-
line distance and opcrated so as to view simultanecusly the same celestial position,
If an object is not in the stellar background plane but is at some finite location (alti-
tude) between the background and the observing stations it willbe observed in glightly
different positions relative to the stellar background. In the multi-station, baseline
separated, Site (stereo) system this apparent angular displacement (parallax) is used
as a basis for separating the object from the celestial background.

2. MONOCULAR (SINGLE SENSOR) SEPARATION TECHNIQUES

The monocular or single sensor separation techniques utilize catalog compari-
son methods; i, e., the separation of a new object from the celestial environment
is by gcomparison of the present environment with that of some interval cataloged
in the past. The interval may be a temporary or short time catalog, for the delay
interval (M. T.I.) technique, or a long time or nearly permaneut catalog for the
reference techniques.
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In actual equipment functions the comparisons are made by; (1) using ' delay
interval of a present electronic picture image or frame with a similar earlier pic-
ture or frame temporarily stored (catalogued) on a storage tube, magnetic (video)
tape, thermoplastic tape, or a second delayed scanned image orthicon, etc.; (2) re-
cording the photon output transmitted thru a special film negative (taken earlier -
permanent catalog) registered to cancel the known environment at the image plane
ahead of the sensor; or (3) reference to a catalogue of the known environment stch
as scanning a film picture and comparing with the video of the image orthiccn
sensor.

Note that methods 2 and 3 give instantaneous results much like the Binocular
or multisensor baseline separated method in its stereo analysis for separation.
Note also that the stereo analysis is complicated electronically though simple for
the human eye and brain.

a. Delay Interval-Temporary Catalog (MTI) Technique

One of the most direct techniques for separating objects is the comparison
of a present condition or view with that of an interval cataloged in the past, the
iterval delay being selected according to the relative velocity of motion of object
and observer with respect to the field of view being covered. This technique, com-
monly termed a2 Moving Target Indication (MTI) Technique, will thus distinguish or
separate an orbiting object from a stellar background.

In the M. T.I. sysiem, the two views are compared on au element by ele-
ment basis and if the image signal of a source occurs in nearly the same position
in both views it is considered to be a star and is rejected. If, however, a signal
" does not occur in nearly the same position in both views it is considered to be a
target and is accepted for further processing. The basic technique used to detect
the apparent motion is to store an image of the video signal output from the 1.0
sensor electronics (camera) and then, while keeping the '"look'' position fixed on
the same celestial field, electronically compare successive video images with the
one stored and procezs the difference.

‘ The picture is read into a storage tube and then at the time of comparison
is read out and compared. In this way the storage tube linearity and image orthi-
con linearity is of no concern. Errors would occur if the write-in-read-out regis-
tration of the storage tube differs, this is generally small. See Section IV for fur-
ther discussion.

b. Film Catalog (Image Plane Cancellation) Separation Technique

Object separation by reference to an earher recorded (catalog) refereace
can be azcomplished (1) by using the reference catalog in the form of a film nega-
tive introduced between the collecting element (optics) and the sensor (I. O. Tube)
to cancel non-moving or previously present celestial objects or (2) by using the
reference catalog in the form of a picture, scanned electronically and compared
with the video from the observing 1. 0. equipment for cancellation of the non-moving
or previously present celestial objects electronically. Note: both catalogs can be
up-dated by adding or removing or moving known o"jects such as planets, etc.

Note: In method 1 the cancellation is at the image plane before the Sensor
whereas in method 2 the cancellation is at the video output of the sensor.
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Film catalog imag:> plane cancellation technique consists of a film negative
placed between the optics or collector and the image orthicon or sensor. The ob-
ject of the negative is to prevent the light from the stars and other celestial bodies
from striking the sensor and at the same time to allow any light from satellites or
other space vehicles to pass through and be detected by the sensor.

The negative is prepared by placing an unexposed photographic plate in
position which is later to be occupied by the negative and exposing it to radiation
from the collecting optics. Upon development, the areas of the plate exposed to
star light will be darkened while the other areas will remain clear or nearly sc.
This exposed plate when placed between the collector and the sensor where it was
exposed will attenuate the starlight and transmit the light from any source that was

not in the background when the plate was exposed. See Section IV for further dis-
cussion,

c. Film Catalog (Video Cancellation) Separation Technique

Cancellation of the previously recorded celestial environment can be ac-
complished by scanning a catalog referance photograph with a flying spot scanner
and then comparing this electronic picture with that video from the image sensor
(1. Q. camera) when looking at a similar field of view. Any new or different posi-
tion of objects from the referenced photograph would immediately be apparent.

The technique is similar in many respects to that of image plane cancella-
tion and the same problems are experienced, such as (1) obtaining a good and com-

plete reference catalog, (2) keeping it up-to-date and (3) registration required for
adequate performance.

In the case of registration, the image plane cancellation problem is pri-
marily electro~-mechanical adjustment for alignment whereas the video comparison
scheme allows for electronic servoed alignment. The error signal source is the

same cf course, and is quite complicated since translation and rotation are involved.

The performance of the video comparison is quite similar (possibly better)
since the relay lens loss (and film attenuation if any) is eliminaizd.

F. SUPPLEMENTARY TECHNIQUES

The prime purposes of aero-space surveillaice systems are to (1) provide an
alarm for new objects and (2) provide orbital prediction data. Of course, the
sooner and more accurate the positional data is, the better and more useful the
predicticns. The production of accurate positional data fromr a surveillance equip-
ment {s compromised in favor of improving alarming and detcction probability.
That is, the field of view is made larger so as to cover more sky in less time, this
sacrifices positional data accuracy. For low appearance rates a supplemental sys-
tem involving tracking of designated or suspicious alarms for accurate orbit or
trajectory prediction may be appropriate and a most practical overall system net-
work. Further discussions are includ: 1 in Section IV,
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SECTION Il. EQUIPMENT PARAMETERS AND TRADES

A. OPTIC PARAMETERS AND MOUNT REQUIREMENTS

The optics portion (the lens system) of any equipment involving electro-optics
or optics imaging techniques is the energy collecting and transier device between
the object (including environment) and sensor. The sensor and electronics (or film)
is the detecticn and/or readiag device.

The performance of the combination depends on the number of photons coilected
from the target and background for each resclution element in the total picture or
imaging area and is primarily a function of:

a. Lens effective area (aperture diameter squarzd minus any aperture block-
ing) )

Lens effective focal length and the f/number

sz

Quality and type of lens
Imaged area or sensor type and collecting ares
Time per picture (exposure time or scan time)

Resolution ability and time per resolution element (TV lines and banawidth)
Relative angular velocity of object to lens axis

g ™ o o

The primary periormance lix; itation of a space surveillance system is set by
the selection and capability of the optical lens system and the brightness of the night
sky background. The lens "speed” .~ maximized to get a large collecting aperture
together with a wide field of view. hnwever, the focal length cannot be made too

large otherwise the integrated energy p sensor resolution element area of the faster

moving small objects will not be sufficient for detection for the allowable time; that
12, the sky must be covered tonight; economically.

The apercture size, focal length and lens optical quality needed also depends an
the detector type, size and sensitivity (speed) and the flux density of the target to
be detected nr resolved in a given background and field of view. The flux density
of target may be (1) concentrated in a peint source, (Z) spread over an zrea due to
its being resolved, or (3) spread over a length due to target motion. Thus we have
tl ree distinct conditions or cases to analyze in selecting a lens. Before taking up
these cases in detail a few paragraphs on optical fundamentals seem in order.

1. RESOLVING POWER OF A LENS

Two equal intensity points can be distinguished as separate when their diffrac-
tion disk images formed on the retina (cr sensor) do not overlap more than the half
power radius of one of the disks. Hence the theoretical limit of resolution is the
half power diameter of a single disk image at the lens image plane, for images of
about the same intensity.

-1
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P)
0 = Angular limit of resolution .n radians = —1—4-1%—“—‘

A = Wavelength of light Is : diameter of the lens
For 55004 and D in inches this becomes 128 - 9 in decs

D

No matter ' ow perfectly the aberrations of a lens (lens system) are corrected,
the image of a point object can never be a point, but rather a small diffraction
disk (Airy disk). To minimize the physical size of the disk, the lens diameter
(aperture) must be maximized and the focal length minimized. In addition to lens
optical design factors the size of tne disk is a function of wavelength and the wave
character of the incoming light.

In making larger lenses, it is increasingly difficuit to grind them precisely
and thus this diffraction limit is less likely to be approached in practice. For in-
stance, a good 5" lens can reach the diffraction limit of 0.9 §e¢ in separating two
similar/lirightness point sources. However, a 24' lens will be more nearly 0. 33
to 0.4 sec rather than the 0.2 Sec diffraction limit. The single edge of a spread
resolved object will, of course, be 1/2 of this angle and if the contrast at the edge
is sharp (around 100%) 2nd the signal to background is high, then the edge will be
defined to about 1/3 or 1/4 of the arc limit for separating two similar brightness
point sources. Thus, for a high pexrformance high resoclution system, resolution
element size (grain size, no. oi TV lines, etc.) should be selected at 1/3 to 1/4
the lens resolution limit for 2 point sources. Also, there is no point in going any
smaller as the lens limit will diffuse-gdges and points to these values.

The above paragraphs assumed a lens of such optical quality that all other lens
errors were less than the diffraction limit, which is not always possible in practice.
The following diccussion of aberrations of iens or lens system, treats some of
these errors. The optical systems engineer and/or designer compromises and
trades one factor for another of the separate aberration conditions and chromatic
variations in meeting the requirements of particular applications. The aberrations
are interdependent and correction of one may aggravate or even reduce another.

As long as he has a sufficient number of variables to work with (kind of glass, type
of lens, system configuration, {/number, focal length, aperture, stops, etc.) he
odn attain a reasonably good lens for a given requirement.

Thus, lens specifications should be written more in terms of requirements at
the focal plane or, better yet, the sensor surface and then if the designer chooses,
for example, to stop down a larger diameter to meet other requirements he will
have such freedom. Obviously, such complete freedom is nut always practical,
00 the optical designer and equipment engineer will need to cooperate for making
the best trades for successful and economical application.

The following discussion of aberration of lenses is condensed fyom the dis-
cussion ia the G. E. Optical Bngineering Handbeok (1) Section I.

(1) J.A. Mauro, G.E. Optical Engineering Handbook, G. £, Publication, Ordannce
DQ“-. m. Pl.. 1“2:
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2. ABERRATION OF LENSES

There are seven classical aberrations defined for an optical system plus
chromatism and achromatism. The monochromatic aberrations are:

Spherical aberration

Coma

Astigmatism

Curvature of field

Distortion chromatic aberration
Longitudinal

Lateral

e s ikt W s, Ha

N

a. Chromatism

Most optical materials have an index of refraction that changes with wave-
length. Since the index of refraction determines the focal length of a refracting
surface, the focus point varies for different wavelengths (color) of light. This
action is demonstrated by a prism in separating a beam of light into its spectrum.

This effect permits analyzing a light source but it is a very undesirablie
aberration in an optical system. Thus, in a single refracting lens, unless the
source is monochromatic, the image of a point source cannot be a point but rather
a composite of blurred circles of different maguifications forming a halo of colors
about the image point, depending on the wavelengths of light from the source.

b. Achromatism

To correct chromatism a combination of two or more kinds of glass
(Flint and Crown) with differsnt refractive indices and dispersions are selected.
By selecting different curvatures and thickness with the difference indices a lens

system with the right focal length can be calculated so the individual dispersions
will "cancel'.

Chromatic aberrations do not exist in optic systems employing mirror
surfaces since mirror optics do not use the index of refraction to form an image.

c. Spherical Aberrations

Light rays from a spr~e peint source will come to the focal point if they
are close to the principal axis paraxial region). However, as the distance off axis
is increased, the more the rays are iefracted in passing through. These marginal
Fyg cross the principal axis closer to the lens than the ideal focal point. “The dil-
erence in focus point of the margina! rays to the paraxial rays is the spherical
aberration. It 18 positive for a converging lens and negative for a diverging lens

creases as the square ot the aperture. By combining lens of different re-
fracting power, spherical aberration can be corrected.

1t is also possible to eliminate spherical aberration in an achromatic lens

while still retaining the ratio of total curvatures of the two elements required for
chromatic correction. Although the condition for achromatism and the required
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focal length completely define the total curvature of the two glasses that make up
the achromat, they put no restrictions upon the distribution of these curvatures over
the two surfaces of each element. Thus an infinite number of lenses are possible
with a given pair of glasses, and among them are those curvatures that are required
for the correction of spherical aberration. The process of changing or redistribu-
ting the curvature of a lens without changing its focal length is known as "bending''

- & lens,

d. Lens Bending

By changing the radii of the two surfaces of a lens the spherical aberration
can be reduced to a minimura, but cannot be made to disappear entirely. This is

~shown by drawing a graph using the shape factor "q" which is defined as:

‘where r, and r, = radii of the lens surfaces.

1 2

e. Aspherizing

Aspherizing is the process of modifying one or more spherical surfaces

in an optical system to compensate for spherical aberration.

f. Extra-Axial Points

For objects points off the principal axis, called extra-axial, additional
aberrations become troublesome in the formation of optical imagery and steps must
be taken to correct them, as was shown for chromatic and spherical aberrations,
When defining these aberrations let us consider monochromatic light, as in the
case of spherical aberration. Since white light is made up of the wavelengths of all
colors, an image of an ordinary point source would contain a summation of indivi-
dual aberrations for every waveleagth emanating fyem the source. Hence, mono-
ohtomatic light is chosen for simplicity.

g. Astigmatism

A monochromatic extra-axial point source sends off radiation that strikes
a lens obliquely. After refraction such a point forms either a line or a blurred
ellipse as an image instead of a point, a phenomenon that is known as astigmatism.
If a fan of rays emanating from an object strikes the lens vertically, in the so-
called primary or ential plane, it comes to a focus at one point, If the fan of
rays strikes Eﬁe lens horizontally, however, in the so-called s¢condary or sagittal
plane, it comes to a focus at another point. (The primary and secondary planes are
taken perpendicular to each other.) Each poseible fan of rays emanating from the
same source and striking the lens between these two defining planes, thus, will
find corresponding positions between these points.

If a screen is placed at the first point it will show a short horizontal line
as the image of the point, If the screen is moved toward the second point, this
image line changes first into an ellipse and then into a circle. As the screen is
moved further toward the second point, the circle changes into a vertical ellipse
whose major axis lacreases and minor axis decreases until finally a straight
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vertical line is formed at the second point. Hence, the object is not represented by
an image point anywhere in the image space. The difference between the image
points is called the astigmatic difference and the round disk or circle formed between
the points is called the circle of least confusion.

Unless astigmatism is corrected in an optical design, the definition of the
image will be reduced. Note that there is no astigmatism for images formed on the
principal axis. Also, while astigmatism is independent of the aperture of the lens
system, it varies with the image height from the principal axis.

h. Curvature of Field

The positions of the tangential and sagittal foci may be plotted for object-
point rays striking the lens at varying angles. The plot of these focal points will
form curved surfaces. The tangential surface will almost always have the greatest
curvature. If there was no astigmatism the tangential and sagittul foci would coin-
cide, and the image-points would lie on a curved surface called the Petzval surface.
The Petzval surface is also commonly known as the curvature of field, and uncor-
rected is a cubic function of the angle off axis. The Petzval curvature is present
even after astigmatism has been corrected. Hence, if a flat screen were placed at
the axis focal point the image would appear sharp only in the center of the field ard
would be out of focus toward the edges. Petzval curvature may be positive or nega-
tive. With the proper combination of positive and negative lenses a flat anastigmatic
field can be obtained.

i. Distortion

Common forms of image distortion produced by lenses, after all other
aberrations are recduced almost to zero, are pin cushioning and barrelling. If the
image point makes an anglular change greater than the corresponding object point
for each position away from the principal axis, a distorted image of a square grid
will be formed. The lens is then said to have negative or pincushion distortion. On
the other hand, if the image point makes an angular change smaller than the cor-
responding object point for each position away from the principal axis, the image
of the square wire grid would be distorted, and said to have positive or harrel dis-
tortion. It is to be noted that distortion is a cubic function o; the image height, but
is independent of the aperture size.

The diffcrence between the ideal position of the image point and its actual
' position with respect to the axis is taken as a measure of the distortion. It specifi-
cally refers to the circular ring or zone around the principal axis and in the plaune
of the‘ image. Distortion is measured in percentage and defined by the following
equation:

Percent Distortion = -'l'-i—"l X 100

where

h' - Magnification of actual image
h = Magnification of ideal image

I1-5
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Image distortion affects only the relative loc.itions of the various image
points with respect to the principal axis. Since all thcse points lie in the same
plame perpendicular to the principal axis, image distortion does not affect sharpness.

j. Coma

Coma is the irregular shape of the im:.y¢ area for point objects located
just off the principal axis and is the most objeciioruble of the oklique aberrations.
While an astigmatic ir.age is blurred, it is neveriheless symmetrical about its
axis or principal ray. In the case of coma, however, there is no indication where
the image center should be,

A comatic image will be obtained, when the principal ray strikes the image
plane either above (positive coma) or below (negative coma) the focus of the edge
rays.

The cone of rays through each one of the lens comes to a focus as a cir-
cle rather than a point. The largest circle (at the bettom) contains the foci of all
rays passing through the outer most zone. The smaller circles (near the top) are
formed by rays passing through succ:ssively smaller zones of the lens. The small-
est (top) circle is a~tually a point at ihe vertex of tl.e figure and contains the princi-
pal ray through the center of the lens. When a comatic image is viewed it appears
as a varying intensity cone because more light is concentrated toward the vertex of
the figure than toward the lower end.

It is evident that i;age points on the principal axis have no coma. As the
field is increased, however, by selecting image points farther off, the axis coma
increases quite rapidly. The comet-shaped image grows as the square of the aper-
ture and directly with the distance between the object point and the principal axis.

" Since coma is a function of the shape of the lens, it can usually be reduced by cor-
recting the lens curvature, i.e., by bending.

k. Transverse Chromatic Aberration

Another oblique aberration, known as transverse chromatic aberration or
lateral color, is the result of a variation of the magnification with the wavelength
ol Tight.” This aberration exists even when a system has been chromatically cor-
rected for axial points. Its effect is to produce tiny spectra arranged radial.
around the principal axis. Transverse aberration is measured in terms of the dif-
ference in image sizes. It does not exist at all for axial image points and dees; not
vary with aperture. All the wavelengths meet at the foous poist after correction,
nevertheless, the magnification of images varies with waveloagth, thus a tiny spec-
tral array will be imaged for eash object point.

1. lens Correction

Since oblique (extra-axial) aberrations vary with the di<tance of the object
point from the principal axis and with the aperture, they become troublesome in
the case of systems with a wide field of view or large apertures. These conditions
are particularly prevalent in camera lenses, and the difficulty in correcting the
aberrations readily explains why they are so expensive. Most telescopic systems
have a rather small field of view and a fairly small aperture, and, therefore are
not greatly troublted by aberrations due to extra-axial image points.
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It is impossible to correct an optical system for all aberrations for more
than one specified object point. Apparcntly this would eliminate the possibility for
any appreciable depth of field (range of object distances for which sharp definition
can be obtained). It should be reimnembered, however, that it is unnecessary to re-
move all aberrations completely. Aberrations need only be reduced to the magni-

tudes tolerable in the required usage of the instrument.
3. CAMERA LENS SYSTEMS

Camera lens systems differ from other types in the requirement for producing
relatively large images on flat surfaces, that is, they must deliver a flat, as well
as a large, image field. Consequently, camera lenses must be highly corrected for
curvature of field, astigmatism, coma, distortion, and transverse chromatic aber-
ration. A small amount of spherical aberratien can be tolerated, however, inas-
much as the grain of the photographic emulsion or resolution element size of the
sensor, itself limits resolution of the finest detail. In crder to obtain accurate re-
preduction of the image adjustable {ocusing must be used.

Other factors determining the quality ol image reproduction are the brightness
of the object, the amount of light that is allowed to pass through the lens, and the
sensitivity of the photographic film, or sensor.

a. Focal Ratio or f/Number

The amount of light in lumens/ cmz that a lens objective delivers to the
image plane is determined by its focal ratio or f/number (symbolized f/). It may
be expressed simply as

focal length of objective
diameter of entrance pupil

focal ratio or f/number (f/) =

Thus, a focal ratio of f/1.5 means that the focal length is 1.5 times the size of the
entrance pupil. (The amount of light is also proportional to the exposure time.)

Ii the focal length is constant, the focal ratio (or f/number) increases as
the entrance pupil is decre.sed, or conversely, the focal ratio decreases as the
entrance pupl! is increased. An adjustable diaphragm, of course, permits chang-
ing the f/number as desired. However, the rating given to a lens always refers to
the largest available opening of the diaphragm.

Speed. The focal ratio of a lens ie commonly called its speed, although the
relation between them is actually inverse. The relationship between focal ratio
and speed arises from the fact that increasing the size of the entrance puplil (that
is, decreasing the f/number) increases the Erightness of the image and, conse-
quently, cuts fiown the time required to record the image on the plate. The smaller
the {/number, therefore, the greater is the speed of the lens. Hence, an i/1.5
lens is fast compared with an %78 Tens. For an infinitely distant object, the amount
of light falling on the film (and hence the speed) is inversely proportional to the
square of the f/number. The stopping device in a fens takes the form of an adjust-
able iris diaphragm between the lens elements which can be set to the desired {/
number marked on a scale. The scale in common use is marked /2, /2.8, 1/4,
f/5.6, £/8, £/11.3, etc. Since these numbers increase by v2 for each step, stop-
ping down to the next number entails doubling the exposure time, to collect the same
number of photons.
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b. Depth of Focus

Another effect of stopping down a lens is to increase the depth of focus.
It can be shown that with a sufficientiy small aperture, the depth of focus can be
increased to such an extent that all objects at a distance from the lens between a
few feet and infinity would appear equally sharp on the negative and a focusing de~
vice would not be necessary. Such conditions actually hold for box cameras. How-
ever, the depth of focus increases not only with increasing f/numbers, but also
with increasing object-to-lens distance and decreasing focal length of the lens.
Hence, to make a suitable compromise between depth of focus and speed, the major-
ity of lens-sensor equipment designed for serious work must be provided with focus-
ing device provision. '

c. Total Angular Field of View

The total angular field for a lens with a given focal length is limited by
the required corrections of lens aberrations, and determines the useful frame size
of a lens. Conversely, the frame size employed by a particular sensor or photo-
graphic plate area limits the total angular field of view for a lens of a given focal
length. Consequently, aberrations and poor definition are introduced beyond these
boundaries if the lens is used with a larger frame size. Usually this angle,0, is
calculated from the diagonal, D, of the frame and focal length (FL).

The total angular field for any lens, noting the focal length and the frame
size can be obtained from Figure II-1. Curves showing focal length versus total
angular field of view have been plotted for diagonals of various film or sensor sizes.
By using the diagonal curve for the film size desired, the total angular field of view
can be determined for a lens of known focal length .

4. THE POINT SOURCE TARGET CASE (NON-MOVING) (CASE 1)

In the case of stars, and other targets, which can be considered point objects;
the amount of energy concentrated at the image plane of a lens system is propor-
tional to the collecting area or aperture (the square of the aperture diameter (D)2).

The field of view of the lens system is set by the focal length and the size of
image plane utilized (sgnsor size). For a given sensor size, the field of view varies
jmversely with the focal length, i.e., the longer the focal length the smaller the
fleld of view.

- The smallest portion of a given field of view that can be resolved (resolution
element angular size) depends on the lens optical quality and sensor ability. In
the case of film, it is a function of grain size; in the case of an electronically scan-
ned detector, it depends on the resolution capability of the image section, spot size
of the beam and the number of scan lines. As we go to smaller fields of view with
the same detector size, a single detector resolution element sees a smaller look
angle, up to a limit; the absolute limit is the Rayleigh or diffraction limit for that
size of aperture. See Section II-A-1. The practical limit is a larger angle depend-
ing on the lens optical quality, or the atmosphere, wchever limits first. For all
cases where the resolution element is more than 1 §ec?, the celestial background
brightness values selected must be increased accordingly. Thus, if the smallest
resolvable element is 10 §e¢ x 10 Se¢ or 100 Sec? of arc, the background light on
each resolution element amounts to 100 times or -5 magnitudes. Thus, if we are
using 21 1/2m/éed? for a clear sky loca'ion, this would increase to 16 1/2 m per
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resolution element for our equipment. See Figure II-2 for apparent background
brightness increase vs resolution element area for other values. Also sece Figure
11-34, showing brightness increase and resolution element size vs focal length. A
resolution element can be defined or limited by incoming object angle size at focal
plane (atmospheric perturbations diffraction, etc.) or limited or defined by image
physical size, capability of sensor (film grain size, number of scan lines, beam
diameter, etc.).

Since the resolvable element angular view area varies inversely with the square
of the focal length, the amount of background energy competing with the target sig-
nal can be reduced by incresasing focal length (1/F2); that is, the background energy
is spread out by changing focal length (locking at a smaller portion of sky area),
whereas the target energy remains as a point source and is not spread out. Thus
the longer the focal length, the smaller the background energy per resolution ele-
ment and the better the signal to background until the point sour .¢ image starts to
spread either (1) because it starts to be resolved, or {2) because of lens minimum
optical resolution limit is reached (diffraction limit or aberration correction limit)
or (3} due to the atmospheric spireading of the point target being imaged.

The exposure needed for a given threshold level for a point :nource is not de-
pendent on focal length, but is proportional to the collecting aperture area D)2 of
the lens, as long as the focal length is long enough so that the background energy per
resolution unit is small compared to the signal energy. Thus, the point source {lux
is proportional to (D)2 and the background flux density varies with (D/F)2,

Similar to the control of signal energy vs background by focal length is control
by changing the size of the resolution element by use of a higher resolutior sensor,
as long as the resolution element size is still larger than the point source optical
image.

There is a point, in the other direction, where a single resolution element
gets so large that the background energy begins to restrict the performance. (f/
number is defined as ratio of F/D.) Therefore, as the {/number is decreased, a
point is reached where the background light will become so large that the sensor
elements are saturated with background. In this case, if the sensor resolution can
be increased the background light would no longer be saturating because it is spread
out more and thus the system detection performance would be improved. For ex-
ample, with a fast lens < /2 such as /0.9, on a bright night, or in the Milky Way,
a 1200 line system will out-perform a 500 or 200 line system,

5. THE DISTRIBUTED TARGET CASE (CASE 2)

The extent (field of view) of a scene of distributed target imaged by a lens sys-~
tem is inversely proportional to the focal length (similar to background ia the first
case). But the amount of energy in a given scene is constant; therefore if we look
at less area of the scene (or spread a resolved target out further) by increasing
focal length, each resolution element area will receive (see) proportionally less
energy by (1/F2), If we increase the area of aperture, the available flux at the
image plane will increase proportionally as before. Thus for extended sources,
the available flux density at the sensor resolution elements (exposure) is a function
of D2/F2 or the inverse square of the f/number. It is constant as long as the
{/number (F/D) is constant (the cace of photography). Also a faster lens (smaller
f/number) allows darker scenes to be viewed or photographed with a given sensi-
tivity (speed) of the sensor.
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b. Depth of Focus

Another effect of stopping down a lens is to increase the depth of focus.
It can be shown that with a sufficiently sinall aperture, the depth of focus can be
increased to such an extent that all objects at a distance from the lens between a
few feet and infinity would appear equally sharp on the negative and a focusing de-
vice would not be necessary. Such conditions actually hold for box cameras. How-
ever, the depth of focus increases not only with increasirg f/numbers, but also
with fiicreasing object-to-lens distance and decreasing focal length of the lens.
Hencr:, to make a suitable co.npromise between depth of focus and speed, the major-
ity of lens-sensor equipment designed for serious work must be provided with focus-
ing device provision.

c. Total Angular Field of View

The total angular field for a lens with a given focal length is limited by
the required corrections of lens aberrations, and determines the useful frame size
of a lens. Conversely, the frame size employed by a particular sensor or photo-
graphic plate area limits the total angular field of view for a lens of a given focal
length. Consequently, aberrations and poor definition are introduced beyond thest
boundaries if the lens is used with a larger frame size. Usually this angle,f, is
calculated from the diagonal, D, of the frame and focal length (FL).

The total angular field for any lens, noting the focal length and the frame
size can be obtained from Figure II-1. Curves showing focal length versus total
angular field of view have been plotted for diagonals of various filin or sensor sizes.
By using the diagonal curve for the film size desired, the total angular field of view
can be determined for a lens of known focal length,

4, THE POINT SOURCE TARGET CASE (NON-MOVING) (CASE 1)

In the case of stars, and other targets, which can be considered point objects;
the amount of energy concentrated at the image plane of a lens system is propor-
tional to the collecting area or aperture (the square of the aperture diameter (D)2).

The field of view of the lens system is st by the focal length and the size of

- image plane utilized (sensor size). For a given sensor size, the field of view varies
inversely with the focal length, i.e., the longer the focal length the smaller the
field of view.

The smallest portion of a given field i view that can he resolved (resoluticn
element angular size) depends on the iens optical quality ard sensor ability, In
the case of filin, it is a function of grain size; in the case ol an electronically scan-
ned detector, it depends on the resolution capability of the iinage section, spot size
of the beam and the number of scan lines. As we go to smal'er fields ot view with
the same detector size, a single detector resolution element sees a smaller look
angle, up to a limit; the absolute limit is the Rayleigh or diffraction limit for that
size of ape-ture. See Section II-A-1. The practical limit i=s a jarger angle dimend-
ing on the lens optical quality, or the atmogsphere, v;h\ichever limits first  For all
cases where the resolution element is more than 1 §e¢?, the celestial background
brightness values selected must be increased accordingly. Thus, if the smallest
resolvable clement is 10 Se¢ x 10 Sec or 100 Sec? of are, the background light o,
each resoluticn element amounts to 100 times or -5 magnitudes. Thus, if we are
using 21 I/Zm/ﬂgn;cr a clear sky location, th.s would increase to 15 1/2 ni per
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resolution elenient ,ur oUT equipment. See Figure II-2 for apparent background
brightniess :mcrease i« I +olution element area fur other vulues. Also see Figure
i1-31, showi'y brightne~s increase and resolution element size vs focal length, A
resulation element can he Jetined or limited by incoming object angle size at iocal
plane {atrospheric perturbations diffraction, etc. ) or limited ox defimed by image
physical size, capability of sensur (tilm grain size. number of scan lines. beam
diameter, etc.).

Since the reselvable eiement ansular view area varies inversely with the square
of the focal length, the amount of hackground energy competimz with the target sxyg-
nal can be reduced by increasing focal length (1/F2); that is, the background energy
is spread out by changing focal length (looking at a smaller portion of sky area),
whereas the target energy remains as « peint source and is not spread out. Thus
the longer the tocal length, the smaller the background energy per resolution ele-
meant and the better the signal to background until the point source image starts to
spread either (1) because it starts to be resolved, or (2) because of lens minimum
nptical resolution limit is reached (diffraction limit or aberration ccrrection limit)
or (3) due to the atmospheric spreading of the point target being imaged.

The exposure needed for a given threshold level for a point source is not de-
pendent on focal length, but is proportional to the collecting anerture area (D)2 of
the lens, as long as the focal length is long enough so that the background energy per
resolution unit is small compared to the signal energy. Thus, the point source flux
is proportional to (D)2 and the backgvround flux density varies with (D/F)2,

Similar to the control of signal energy vs background by focal length is control
by changing the size of the resolution element by use of a higher resolution sensor,
as long as the resclution element size is still larger than the point source optical
image,

There is a point, in the other direction, where a single resolution element
gets so large that the background energy begins to restrict the performance. (t/
number is defined as ratio of F/D.) Therefore, as the f/number is decreased, a
peoint is reached where the background light will become so large that the sensor
¢lements are saturated with background. In this casc, if the sensor resolution can
be Increased the background light would no longer be saturating because it is spread
ont more and thus the system detection performancc would be improved. TFor ex-
ample, with a fast lens < /2 such as {/0.9, on a brignt night, or in the Milky Way,
a 1200 line system wiil out-perform a 500 or 200 liue system.

5. THE DISTRIBUTED TARGET CASE (CASE 2)

The extent (fic'd of view; of a scene of distributed target imaged hy 2 lens sys-
tem is inversely proportional to tine focal length (similar to background in the first
cas€e). But the amount of energy in a given scene is constant; therefore if v.e look
at less area of the scene (or spread a resolved target out further) by increasing
focal length, each resolutior element area will receive (see) proportionally less
energy by (1/F2). If we increase the area of aperture, the available flus, at the
inm:age plane will increase proportionally as before. Thus for extended sources,
the available flux density at the sensor resolution elements (exposure) is a function
of D2/F2 or the inverse =quare of the [/number. [: is constant as long as the
f/nun.ber (F/D; is constant (the case of photography). Also a faster lens (smalier
f/number) allows darker scenes to be viewed or photographed with a given sensi-
tivity (speed) of the sensor.
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Several interesting situations occur in the acrospace environment as a result.
Since the sun is the illuminator in most cases {for the moon, satellites, ctc.) and
is constant for similar distances from sun, then on resolved objects the brightness
per unit angular area is set and is constant (except for reflecting efficiencies).
Thus, if the focal length is long enough to resolve the object, say the "Echo' balloon,
or any real large satellite, into many resolution elements, the brightness of the im-~
age and contrast (maximum signal to background) available to the system will depend
only 2n the [/number, not the diameter or focal length, as long as the focal length and
diameter are large enough to resolve the object (and the optics are not diffraction
limited and atmosphere permitting).

Similarly in scene viewing, the faster the lens, the more energy density at the
detector, In this case, if the lens is fast enough to reach saturation levels cf the
sensor in portions of a given scene, better results and more details can be resolved
with smaller resolution elements {more scan lines, finer grain film, etc.).

6. THE MOVING TARGET CONDITION (CASE 3)

The moving target may either be a point or distributed source. For any source
the siznal is a direct function of flux density, and flux density is directly related to
aperture area (D2), and inver: vy proportional to iotal image area. A spread object
has an image spread in two dimensions, and if it has or does not have relative move-
ment during the exposure the spread in either dimension is proportional to the focal
length (F). So a spread object image area is always proportional to (F2), and the
signal is proportional to (D2/F2),

For a point target with relative movement during the exposure, the total flux
collected is still proportional to aperture area (D2). A point object with exposure
movement is sprerd only in the dimension of relative movement, and this dimension
is proportional to (F). Therefore, the image area is proportional to. (F), and the
signal is proportional to (D2/F).

Thus, the first point is to determine the object or target angular velocity, then
calculate the amount of energy arriving on a single resolution in the unit of time
(dwell time) or conversely the number of resolution elements sharing the energy in
the unit of time (scan time). This will determine detectivity performance neglect-
ing any sensor time constant loss. If we express this in terms of aperture, focal
length, etc., we will see that the exposure for a trailed or moving object is propor-
tional to D2/F for a given unit of time.

If we are to improve seeing ability of an objec’ of a given angular velocity and
size against a given background (to overcome sensor time constant loss and reduced
dwell time) we must (1) increase aperture or (2) increase field of view of decreasing
focal length. This latter technique makes the single resolution element cover more
of the sky at a time and thus allows more time for the target to be in a single resolu-
tion element. Since these two factors are somewhat incompatible (we want a large
aperture, small f/number system) we must consider many trades to obtain high
performance on small, fast moving targets. A thorough analysis of energy available
from target and {rom the background will define which dimension is being "trailed"
and which is a point source. For dlagonal motion the rates will only be v2 of the
actual rate, but we have the rate in both dimensions.
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7. LENS EFFICIENCY AND STRAY LIGHT

The lens discussion thus far covers refractive optic systems. For reflective
optics, cassegrain, catadioptic, Schmidt, Bowers, etc., special precautions must
be taken in addition to using effective aperture (actual aperture minus aperture
blocking due to secondary mirror and supports, etc.).

: AR e, AR

a. Lens Efficiency - Transmission Loss

ses through an interface its direction changes abruptly, part of the light is reflected
back into the first medium, while the rest proceeds into the second medium, but in
a changed direction. The portion that proceeds into the second medium is said to be ‘ .
refracted. At each surface separating the two media there will be reflections and 3 *
refractions. As a result, the amount of light transmitted through the second medium
is less than the incident light. The amount of light transmitted in an optical system

is further reduced because of the absorption of light in the glass medium and the '
cutting down of light bundles by the diaphragms. 1

A surface that separates two media is called an interface. When light pas- g

L e

In the case of a lens (refraction index - 1.5) surrounded by air, 4 of the
light incident upor each surface is reflected. Consequently, a lens or glass plate
in air loses 8% of the incident light by reflection. In photographic objectives and ]
military instruments, such as periscopes, range-finders, and gunsights,. which :
have many glass surfaces, a considerable amount of light is thus lost. Reflection N
losses can be cut down considerably by coating the air to glass surfaces with anti-
reflection coatings.

R

P

Lens efficiency factors can thus be determined from the medium trans- |
mission losses and number of surfaces involved in a refractive lens system and used 1
in the equations outlined; see Section II-A-8 ar 9,

The small percentage of surface reflection from each lens surface in a re- 5
fractive system must be checked (even if baffled) especially if more than one lens
assembly is involved, since the range and sensitivity of the image orthicon will see
even the smallest amount of reflection as another diffuse object if it comes within
the limits of the photocathode surface. Even though this light may not appear as an
image, it may contribute to the background light level in the lens system even when
baffled and supposedly absorbed in the 'optically black' lens tube. All background
and "stray" light not absorbed adds to the sky background light level and thus causes
the overall lens-sensor system to appear background limited sooner than would be
predicted solely from sky background and lens resclution calculations.

In a refractor lens system this o200et is gensrally small (ess than 3/4th
Mag/§é22 except in extreme oases).

b. Stray Light

In a reflector telescope system. light (sky light, side light, etc.,) can get
to the image focus plane (sensor) without going through the normal optical paths.

To reduce this ''stray'’ light, the ielescope if not encased should be wrapped
with heavy black felt or velvet cloth for a temporary measure until a more perma-
nent case can be made. If possible extand the case to reduce total angular open area,
See Figure I1-3.




— —_———
—E |U T 0

PEEE RIS o P I L. e - ¢
L T — B
aimaant S -
e T—— - -

1.0 D o
CAMERA

Figure I1-3. Reduction of Stray Light in a Reflecting Telescope

The following discussion outlines a procedure for closely approximating
the background contribution for "stray light' in reflecting and catadioptic lens con-
figurations. 1f careful attention is given, the lens-sensor system will consistently
perform very closely to calculated performance as experienced in our various ex-
periments with different optics systems.

Using the dimensions of the telescope, determine the ratio of the ligkt from
dotted region (angular area x backgrouné light/unit area including unresolved + re-
solved stars, milky way, moon, etc., for area to be surveyed) vs the angular areu
of the main beam and its relative optical gain (effective aperture area vs the sensor
area). The background light in this case is normally at ieast twice the background
light used in other calculations since resolved stars are now present.

A typical reflecting telescope may have 3-1/2 times as much background
light reaching the sensor {rom the stray light (dotted region) than through the optica’
path, thus the background is increased to 4-1/2 times or a decrease of about 1-1/2
stellar Magnitudes.

Effective Aperture - g (D2 - dz)

8tray Light Area = area of cone AC - cone BC
Background Light including stars, etc. = 2 X My /R (at least)

Main Optical Beam Area - T x (tield of view)?

_ Area of Collector ,
Main Optical Gain - “Area of Sensor (effective aperture ‘used)

Ratio of Stray light angular area X 2 x Background light

Mair beam angular area x Optical gain

NOTE: To reduce this value a carefully designed cone shape shield can
be iastalled from the reflecting mirror hole forward tapering to
intersection of the 1st and 2nd reflection beam outlines.

8. SIGNAL DiTECTION -- LENS SYSTEMS-POINT TARGET CASE

When lens-sensor equipments are used at or near thresholds of noise

background conditions, then a systematic analysis for lens and sensor parametera
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is needed. A brief discussion is given here; for more detail refer to Section iI-B,
C and D as well as the referenced reports.

The lens system is basically an energy collecting and transfer device. The
sensor, be it the human eye, film, o3 photocathode of an intensifier, or image orthi-
con with scanning beam and electronics, is the detection and imaging device. If we
point the lens to the sky and move it at celestial rates so that there is no relative
anguiar motion of a single resolved target point source (star or object) with respect
to the lens axis, then we have a signal plus sky background on one resolution element
and background on all nearby elements:

Ng | Ng |Np
N N N
B | Y <|Np|
//l/"NS
\ J
Ng | Ng |Np

If we look, or expose film or expose a photocathode at the image focus
plane of this lens for a finite time, we hope to detect the presence of a signal ina
background of noise. This means the signal area has to be significantiy different
from other background arvess of equal size, so that the probability of the background
being the signal value is very small. Since the number of background phofons col-
lected by an area equal to the signal area in size (used to form the image) has a
Poisson distribution, thzre will be background image noise due to the non-uniformity
of transmission or brigaiiaess variation of these individual background areas. The
sigma of these background areas (same area size as the signal size) is the square
root of the background mean number of photons in the areas used to form ihe back-
ground image, with a Poisson distribution. The difference between the mean back-
ground image photons and the mean of image signal photons is defined as the signal.
Thus

No. of signal photons (NS)

\(ﬁoise Background (NB)

- for ~food detection @pproximately 90%) and a low false alarm rate (rpproximately
10-4) the signal should he 5 times the rms noise (sigma) of the background. This
constant of 5 was first used by Albert Rose of RCA, in 1948,

8/N Detection =5 - N’s
=

N

¢ B

A normal image system has additional noise which has to be included to
explain system operation. For an image orthicon the equipment background Ny has
to consider added bear: scaaning noise, and preamplifier noise. For a film image
the equipment background Ng has to consider develoned particles due to fogging.
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T =4 T 5 2

X\S = NO X 10 mSX—-4 DI Xt (2)
. ~-.4m T 2

NB—NOXIO BX-—4 DL Xt

m = stellar mag of Object in mag/s?é?:z

my, = background mag/§532 sky

X is signal spread in sky sec/sig width

2 s _ 2. ‘
If X NB <L NE then N = KDL X Eff. of Lens Xt (3)

This will be true for a long focal length, small diameter lens and short
exposure times. This is also the corditicn in a laboratory test where the back-
ground noise is made to approach zero.

N
Thus §/N= —i_ as NB—°O
2
N | X NB +* NE
becomes N

S
8/N = \/.R.__ or limited by equipment noise.
E

D C—
] szB>NE then % = KL % Vi VEff of Lens @)
- 'iﬁogl lmaqe Widte 20 o __ 3600 TV Spread Lines
X ne Focal Lengt X §7.37 x Active *. Signal (3)
TV Lines
Since )
K - p. pif . t N
8/N - oumm :
X3K 2 Eff - t-Np +Ng

_ K-D®- Eff-t.N . KJEff - D. Jt . Ng
XUR-BT-'B-Vt-\fNB B X VNp
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Summarizing, we note for point sources when the background noise is
smaller than the equipment noise (the condition for a leng focal length lens with
short exposure times) equation (3) shows S/N increcase with square of lens diameter
(DL.2) and directly with exposure time (t) Thus performance curves have a slope
of 1-1/2 magnitudes for each doubling of diameter or vt. When the equipment
roise is less than the background noise (X2 Np) then equation (4) shows S/N in-
creuses only directly with the Lens diameter 2nd square root of exposure time and
inversely with the signal spread factor (X).

‘Thus, as sky background neise begins to become a factor. the slope de-
creases to 3/4th mag. for each doubling of lens diameter and then performance
quickly iimits as the sky background noise gets larger than the signal.

9. SIGNAL DETECTION - DISTRIBUTED TARGET CASE

A distributed target may be an extended target within a general scene being
viewed, the level of which is above miniirum detectable levels, or it may be an
extended (resolved) target in an otherwise ruise limited background.

In this case our S/N = Ng/VNg + NE‘ reliationship involves the size of hoth
NS + NB which varies with resolution element size and f/number of nptics.

If the background term (Np) is small with respect to equipment noise Ng
such as with large f/number Lens, then 5/N varies inversely with the square of
lens f/number (1/f2) and inversely with size of the resolution elements and directly
with exposure or integration time (6). As the {/number of lens is reduceu near
f/1 8 or below and/or resolution element size is larger, the background term in-
creases until performance is limited by it. Note reducing resolution element size
will allow use of smaller f/number optics and thus better resolution performance
at same scene brightness level provided target image was not spreading due to
lens or atmospheric limits,

10. LENS AND OPTIC SYSTEMS

Lens and Optic systems frequently used with electro-optical equipment are
shown below by type (2).

The Galilean and Keplerian refractor telescopes are noted for their simplicity.
The Galilean is shorter for the same magnification and has a narrower field of view
since the eye piece becomes a field stop. It presents, however, an erect image,
wi:ich is, in some cases, an advantage.

Ainong reflecting telescopes (which do not suffer from chromatic errors), th:
Newtonian is preferred for small telescopes, since only one aspheric element needs
to be made (the primary paraboloid). The s2condary mirror is a f'at.

The Cassegrain and Gregorian both require a hole drilled in the primary, and
an aspheric secondary (elliptica! for Gregorian, hyperboloid for Cassegrain). Both
have the advantage that the prin.ary tube length is about 1/2 of the focal length,
while the Newtonian requires a full length tube.

(2) Strong, John, Concepts of Classical Optics, W.H. Freeman & Co. 1958.
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Certain optical systems are notable for freedom from one or more of the mono-
chromatic defects: spherical aberration, coma, astigmatism, field curvature, and
distortion.

The Schmidt system, using spherical primaries, is free of off axis aberrations
- (coma and astigmatism). Curvature and spherical aberrations remain, but the cor-
rector plate cancels spherical uberration. The Bouwers, Hayward and Maksutov
systems are variations to accomplish a similar result.

a. Refractor Systems (Lens optical systems 1nvolvggonlx the refractive

properties of lens materials)
_TQ‘\\““\

1. Simple and multiple lens
systems such as conven-
tional camera lens, zoom
lens etc.,including those
employing many elements
for aberration corrections,
etc.

2. Telescope systems.

Note: Eye pieces added

for eye viewing. Magnifi- fr\

cation, etc.

a. Keplerian ) ' EYE OR
SENSCR

Iy
b, Galilean / — $

Note: Galilean often used in front of a
camera lens to make a telephoto lens.

6. Refractor with eye- - -
piece Huygenian. :
¢. Refractor with Rams- - —
den eyepiece. . -

e. Refractor with Barlow

f. Refractor with
erecting lens.
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b. Reflector Systems (Optic systems involving a curved mirre» surfaco as
the primary collecting optical surface)

PARABOLQID MIRROR SURFACE |

1. Hale -

OBSERVER OR SENSOR

' D
2. Herschelian OFF-AXIS PARABOLOID MIR?¢R

T

OBSERVER § | )

3. Newtonian . PARABOLOID~
FLAT

.

FOCAL PLANE 1

4. Cassegrain _ PARABOLOID MIRROR 9 .
.
HYPERBOLOID MIRROR FOCAL PLANE y
5. Gregorian __ P PARABOLOID MIRROR Loy
et \ a
0
ELLIPSOID MIRROR FOCAL PLANE )

c. Catadioptic Systems (Optic systems employing a negative corrector plate
diverging rays to a spherical mirror with short focal length)

In catadioptic systems the resulting focal plane is a curved surface, thus
field fatteners or special provisions are generally needed for iis use. Advantage
is in ability to have short focal lengths for large apertures (small f/numbers)
(0.5 to 2. 0 common range, less than 1 often used).

MIRROR SURFACE ON BACK—ﬁ

1. Mangin Mirror

CORRECTING SURFACE
K about .66 Ry

Not strictly a catadioptic system but similar in principle.
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SILVER OR ALUMIN:M F’ILM\‘;\'\\X SEHERICAL
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2. Bouwers

d
i i 1)

7 SEHERICAL
L SURFACE

3. Maksutov F o SPHERICAL MIRROR
72

SPHERICAL CORRECTQR FOCAL SURF‘ACE
rp=rf =t (SPHERICAL)

" &r2 ARE CONCENTRIC

4. Schmidt —-—-—-—-—-—%

FOCAL .‘)URF c
(SPHERICAL)

ASPHERICAL SPHERICAL MIRRQR
CORRECTING PLATE

_._Q- - o S8 = . SPHERICAL FOCAL
J 5 " SURFACE

(‘ONCENTRIC
SPHERICAL
MIRRORS

£ ASPHERICAL CORRECTING PLATE

11. OPTIC SYSTEMS FOR SATELLITE DETECTION AND SEPARATION

Preliminary design studies indicate typical apertures, taking into account the
sky background, air scatter and image tube properiies, of 25 to 36 iuches with aper-
ture ratios from £/0.7 to 1.8 (focal lengths of 24 to 425, Foy digcussion purposies
an aperture of 27" and {/1. ) giving a focal length of 40" is selected.

The other requirements are that the resolution of the optics should take full
advantage of the image tube resolution. For these calculations it is assumed that
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TV resolution may be eventually increased te a 2000 line scan and that three

n lines will ke required to cover a point image. If the sencitive area of the
rera tune is ene inch high this will require an optical circie of least confusion
i¢ image of & paint source) of about 0015 inch or a resoluiion of 60 line pairs
miltimeter (6U/Lp/mm). This resolution should be maintained over the eutire
1-1/2" sensiiive area or a circle of 1.65", The image at the phetocathode

aid e flatr within its depth of focus. which for an f/1.5 system is about . 006

FREIIN

The o~tical distortion should ideally be negligible, or less than one~tenth of
percent, 1 this iz noi feasible it should be as low as practizal and prediciable.

3. Refractor Lens Systcm

A refractor lens system appears completely impractical at present. An
5, 40 inch focal length lens would require at least five transparent glass ele-
its 27 inches in aperture. The total glass thickness in the lens would be about
aches. Not only weuld such elemenis be difficult to obtain in high-quality glass,
the weight of them would he at least 1700 pounds and the loss due to ahsorption
siderable. From a purely optical point of view, it is very difficult, if not im-
sible to design a lens of this focal length which would not show objectionable
ymalism cver a wavelength range of 3500 to 8000 Augstroms. The chromatism
s>mpound lenses is chiefly a function of their focal length, and when the focal
th approaches one meter it becomes impossible to control. Receant independent
mrches by Nippor Kogaku, producer of Nikon Camera, and Carl Zeiss Incorpor-
, have showr that for focal ler:gths in excess of one meter mirror systems of-
Jhe enly snlution to the cnromatism problem even over the normal photographic
zlength range 3800-6500 A.

b. Newtionian System

The Newinnian telescope consists of a paraboloidal mirror with the de--
yrat the primary focus, or by use of a diagonal mirror the focus is turned out
¢ side at right angles to the axis. This system werks well for f/ratios f/8 or
p. However, if the system is drawn to scale ai £/1.5 as shown in Figure II-4
il be seen that there are several objections.

1. The caruera tube is pointed downwurd when the telescope is aimed
upward. This is not rezommended.

2. rhe forusing coil assembly around the camera tube has a diameter
about .3 as great ns the mirror. When the central obscuration of

an optical system exceeds 20 percent there is serious loss of energy
conventration in the central Jilfraction images. In genesal terms
thig results in low contrast fine detail and "nmushy” image. The light
lags dys to the nbstruction iz about 31 pereent.

3. The imzge formed hy a parabolnidal mirror does not lie on a flat sur-
face but has a radius of curvature exactly equal to ihe mirror or b0
incries. Over a 1,6 ineh pieture this radius will result in a sagitia or
varistion tron. a piane of 921 inches which is congiderabiy greate»
than the dapth of focus previously caiculated to be . 006 inches at the
most. It might be possibie Lo fiatten this image with a (ield lens.

5-21
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Figure 1-4. Newtonian System without Folding

The folded Newtonian system drawn to scale in Figure II-5 shows the prob-
lem of trying to place a mirror in a large aperture beam. In order to bring the
image outside the edge of tke entrance pupil it is necessary to use a flat mirror
having a projected length of 15 inches which forms a major obstruction in the light
path. This is totally iinpractical. When the aperture ratio is f/8 or iess the re-
flected cone of light is long and rarrow and can be folded with a relatively smalil
mirror.

Conclusions on the Newtoniar System

Beside the mechanical difficulties mentioned, it must be realized that the
paraboloidal m:irror forms a perfect image only on the optical axis (i.e., at the
center of the image) and that off-axis rays form images with amounts of coma and
astigmatism that increase with the angle. The amount of these two chief aberrations
hes been calculated by K. Schwarzschild and his figures are reported in Baker's
"Telescopes and Accessories'' and elsewhere. Unfortunately, these tavles were
not computed for aperture ratios larger than f/3.0. Several years ago we had to
extend these tables and the values were caiculated from theory and also checked by
actual measurement of aberration on a precision test bench. The agreement was
as good as could be expected when it is realized that the aberrations have to be
separated by eye and each i{s compounded by several higher orders of aberration
of the same type.

Tn take examples; Schwarzchild's table shows that an /10 paraboloid with
40 inches focal length would show at the edge of a three degree total field a coma
of ten seconds of arc. This would amount to an image cf point source about .002
inch diameter which is satisfactory. For an /3 paraboloid the coma at the edge
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Figure II-5. Newtonian System, Folded

of the field amounts to 116 seconds of arc and for a 40 inch focal length this amounts
to an image aberration of .224 inches which is qi ite poor.

Our calculations show that for an /1.5 paraboloid the coma would amount

to seven minutes 44 seconds of arc or an aberration of . 896 inches which is abso-
lutlely intolerable.

The comparable figures for astigmatism are as follows:

Astigmatism Aberration
f/Ratio (Seconds of Arc) (Inches)
/10 13.5 .0024
/3 48.0 . 0081
/1.5 96.0 0172




The Combination of the two aberrations we have calculated as fcllows:

Astigmatism & Coina Aberration
f/Ratio (Seconds of Arc) @Inches)
£/10 17.0 | .003
/3 132.0 .240
f/1.5 750.0 .900

We believe these figures show that the off-axis aberrations of the para-
boloid make it unfit for the proposed vse. In addition the above shows that there
are severe proble; s to folding the beam. and that the aberration of coma at the edge
of a three degree field would be absolutely intolerable.

¢. Schwarzchild Telescope

After K. Schwarzchild had completed his analysis of the errors of the
paraboloid he developed the only physically possible design of a two-mirror tele-
scope free of spherical aberration and coma. There are many variations on the
design; it is possible to have a fiat or curved image, but all the systems have astig-

matism. Reference to the table in paragraph (b) will show that this is the smaller
defect in large aperture telescopes.

An /1.5 Schwarzchild system is drawn to scale in Figure II-6. Normally
the design is not recommended for an f/ratio less than f/3 because of the great
difficulty of figuring the aspheric mirrors. The parameters of this system are:

f/ratio of system f/1.5
Equivalent focal length

40 inches
Diameter of primary mirror 27 inches
Focal length of primary 100 inches
f/ratio primary £/3.7
Separation of mirrors 50 inches
Diameter of secondary mirror 13.36 inches
Focal length of secondary 33.4 inches
f/ratio secondary /2.6
Distance of focus from secondary 20 inches
Tube length 96 inches

The good features of this design are that the camera tube could be instal-
led at the first focus. The bulky coils around the tube would not be as large as the
central shadowed area and would not cause any additional light loss. Both mirrors
have f/ratios greater than f/1.5. It becomes increasingly difficult to manufacture

aspheric surfaces at a low f/ratio. It is not possible to quote definite figures, but
the following are typical:

Difficulty to Produce Aspheric Surface

f/11 Usually very easy

/8 Requires only short time
“1/3.5 Usually considered the practical maximum
/1.5

Extremely time consuming and requires
great ability
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In our opiaion it would be far easier to make the two larger f/ratio
Schwarzchild mirrors than to make one f/1.5 paraboloid.

The bad features of the design are the large obscuration ratio. The
secondary mirror cuts off abouf one-quarter of the light and the reflection losses
total about 18 percent so that the "transmission value' of this design is about 61
perceant compared to an ideal f/1.5 system with no losses. The long tube length
is normally required to prevent the camera tube seeing around the secondary. If
a bright object such as the moon were outside of the image field and the telescope
tube did not extend beyond the secondary mirror, then direct light from the moor
could fall on the camera tube face.
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Figure 11-6. S8chwarzchild System

It is expected that the image quality would be good, the only aberrations being
astigmatism and distortion. These have not been calculated, but until they are, it
is believed that they would be satisfactory.

d. Couder Telescope

The Couder telescope uses two aspheric mirrors and is corrected for
spherical aberration, coma and astigmatism, but has a curved image. Anf/1.5
Couder telescope is drawn to scale in Figure II-7. The dimensions of this system

are:

f/ratio of system f/1.5
Equivalent focal length 40 inches
Diameter of primary mirror 27 inches
Focal length of primary 130 inches
Aperture ratio of primary f/4.9
Separation of mirrors 80 inches
Diameter .f secondary 13.0 inches
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Focal length of secondary

22.2 inches

Aperture ratio secondary f/1.7
Distance of focus irom secondary 15.4 inches
Tube length 100 inches

L 100"

Figure 1I-.7, Couder System

The good features of this design are correction of all the aberrations ex-
cept distortion and image curvature. The radius of curvature of the image is half
the focal length or 2C inches and the sagitta (depth of curvature)across a 1.6' image
is about .016 inches. This value is only about .010 inch more than the calculated
depth of focus and could easily he removed by the use of a field-flattener lens.

The transmission efficiency is only slightly greater than the Schwarzchild
system, about 65 percent. Because the camera tube is closer to the secondary the
stray light problem is less bad, but the total tube length is abo:t the same.

As regards the difficulty of manufacture, the large f/4.9 primary would
be less difficult than the Schwarzchild £/3.7, but the small secondary now has the
high aperture ratio of f/1.7. As far as can be estimated at present, the manufactur-
iag problems of the two systems are shout equal.

e. The Schmidt System

In the previous designs the chief optical problem has been the off-axis
aberrations of the aspheric primary mirror. As was shown in the case of the
paraboloid, the off-axis aberrations at f/1.5 were intolerable, but they can be cor-
rected to usable value by a second aspheric mirror. The manufacture of any large
aspheric mirror to high accuracy is a major undertaking. The Schmidt system
avoids the problem by using a spherical mirror which is easy to make and a thin
lens cor "corrector platc ' which usualiy has one aspheric side. In this design the
diameter of the corrector plate becomes the limiting aperture and the mirror has
to be somewhat larger.
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amsiems are as fellows:

f/ratio svstem

Focal length

Diameter of primary mirror
Focal length of primary

Diameter of correcting plate

Separation corrector and mirror
Tube length

The layout of an /1.5 Schmidt sy=tem is shown in Fignre II-8.

£/1.5
40 inches
33 inches
40 inches
29 inches
80 inches
84 inches

J

|
\
\
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Figure I1-8. 8chmidt System

The advantages of this system are that the image is fully corrected except
for distortion and image curvature over the entire field. The large primary mir-
ror is a sphere which can be machine made. The corrector plate requires a large
piece of relatively thin optical glass of high quality and while it has an odd aspheric
surface which must be handmade, the actual curvatures are not steep (the drawing
is exaggerated) and the accuracy requirement on this surface is only about one-
‘quarter that of an aspheric mirror. The reason for this is that a mirror is a re-
flecting surface and any ei'ror in the surface siope doubles the deviation of a re-
flected ray, while in the case of a refracting element made of a material with an
index about 1.5, an error in the slope of the surface results in a deviation of the

refracted ray only about half as great.

Bad features of the Schmidt design shown in Figure II-8 are that the cam-
era tube face is pointed downward when the telescope is aimed at the sky. This

light path could be folded by a flat mirror so that the light was brought back through

a hole in the center of the mirror, but this involves the problem of folding a high
aperture beam, requires a large flat mirror and results in considerable light loss

due to obscuration.

I1-27




The radius of curvature of the image surface in a Schmidt system is
equal to the focal length or 40 inches in this case. The sagitta over the 1.6 inch
image area would amount to .0083 inch which is only slightly greater than the .00€
inch depth of focus and easily corrected with a field lens or may even be ignored.
The chromatism of the extremely weak corrector plate is not enough to give trouble
at f/1.5.

The Optic systems above involve one or more large aspheric surfaces.
Another well known design is the Casseg.ain.

f. Cassegrain System

Primarily, this system is designed for a long focal length in a compact
space and is not satisfactory for aperture ratio higher than £/8. This is due to the
fact that the secondary mirror ".ecomes very large and the off-axis aberrations,
especially coma is even worse wan the Newtonian or paraboloidal mirror.

g. Wrigint Camera

The Schmidt principle of using a corrector plate has been applied to sev-
eral variations, one of these is the Wright camera shown in Figure II-9. This ar-
rangement uses a primary mirror that is an oblate spheroid which differs from a
sphere by the same amount as a paraboleid, but in the opposite direction. The
chief purpose is to producc a flat image and a shorter instrument. With this ar-
rangement the corrector plate is moved in from two focal lengths of the primary
to one focal length reducing the tube length to one-half. The corrector plate now
has to be twice as strong because it is ''parabolizing'’' an oblate spheroid. This
position of the corrector introduces astigmatism and the high power of the plate
acting as a lens introduces chromatism. The maximum recommended aperture is
about l/S“?“WtyOf maling the twe aspheric surfaces.
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Figure lI-9. Wright Camera
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h. Schmidt-Cassegrain System

This name has been given to a system developed during this study using
the Schmidt principle, presumably with a spherical nirror, and a convex folding
mirror to flatten the field and reverse the position of the image surface. As was
mentioned earlier, the Schmidt system can be folded with a flat mirror, but at /1.5
the aperture angle is so large that the mirror offers a major obstruction. As shown
in Figure II-10, if the focal length is 40 inches, a flat folding mirror has to be at

half this distance or 20 inches from the mirror and this leads to a mirror 14 inches
in diameter.
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Figure I1-10, Schmidt System with Flat Mirror

The situation can be somewhat improved by the use of a convex mirror which de-
creases the aperture angle of the rays. Of course, the aperiure angle falling on
the camera tube canrnot be reduced below 37 degrees or the system will not have an
f/1.5 aperture ratio. Since a convex mirror must necessarily decrease the aper-
ture angle this means that the aperture ratio of the primary must be increased.

In Figure II-11 the primary mirror has a speed of £/1.0, though the entire system
has a speed of f/1.5. The diameter of the folding mirror has been reduced from
14 required for a flat mirror to 11 inches. The aperture ratio of the secondary is

not £/1.5 but only about f/7. This convex niirror should be a hyperboloid which
is not too difficult to make at this apervare ratio.

If the obscuration is further reduced the aperture ratio of both the corrector
plate and the secondary become very high and they are consequently difficuit to
make. The effective "'transmission" of the system shown in Figure II-11 compared

to an ideal of /1.5 system with no obscuration or reflection losses is about 70 per-
cent.

The optical quality is satisfactory, providing a resolution of at least a 35
micren spot over the entire nearly flat field. The exact amount of distortion has
not been calculated, but it will probably be least for a flat mirror and increase
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Figure II-11. Schmidt-Cassegrain System

with the power of the secondary. In some cases it has been necessary t¢ achroma-
tize the corrector plate by making it of two pieces of glass.

i. Maksutov or Bouwers Camera

All of the designs discussad to this point require at least one aspheric
surface which hastobe hand-made and the cost of which increases tremendously
with decreas.ag f/ratio. The design invented simultaneously by Maksutov and
Bouwers uses the principle of the Schmidt system but instead of an aspheric cor-
rector uses a plate with two spherical curves which approximates the action of the
Schmidt plate. Most authorities have come to the conclusion that'this system works
well up to £/2.5 and can be made faster with some loss of image quality. An f/1.5
Maksutov system is shown in Figure [I-12 where it can be seen that the lergth of
the system is only about half that of the Schmidt. The Maksutov corrector with
its spherical surfaces in easic™ 0 make than the aspheric Schmidt, but it requires
a thicker piece of glas«.

The image surface in this design is turned the wrong way for a camera
tube. If we attempt to fold this system we find the same difficult: as in the folded
Schmidt, the secondary mirror becomes a major obstruction. A possible solution
is the same as that suggested in the case of the Schmidt, to increase the speed of
the primary and use a convex secondary. If the speed of the primary mirror in the
Maksutov aystem is increased above £/1.5, it is found that the power of the cor-
rector lens becomes impractical. A common solution to this problem of a strong
lens is to "splic¢" it into two equal components. In this case the two halves have
equal power and acre spaced symmetrically about the radius of curvature of the
primary. The first such system was constructed bv Wynne and is essentially a
two-corrector Maksutov that can be made as fast as £/0.8. Figure II-13 shows an
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Figure I1-12, Maksuto - System

/1.5 folded Wynne system. The curvature of the correctors is now much less

than a single lens because the power is divided between the two. Actually, the
system could be made more compact than shown. The total length could be reduced
to ahout 70 inches and the obscuration to less than ten percent.
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Figure II-13. Folded Wynne System
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}. Variations on the Schmidt Principle

aan

The design of the Schmidt system calls for a spherical primary mirror
and a thin oddly-contoured corrector at a distance of twice the focal length of the
primary. 7 s system produces perfect (diffraction limited) images with a slight
amount of d' ‘ortion and image curvature. For use with a camera tube the image
is facing the wrong direction and it would be desirable to fold the light path. It has
been shown that at f/1.5 a rlat folding mirror results in a major light loss and of
cou.'se does nothing to improve the distortion or field curvature. A convex folding
mirror can be made to correct both these aberrations and at the same tiine shorten
the telescope. The most promising of these is shown in Figure lI-14. In this ar-
rangement which has been calculated by J.G. Baker and others, the primary is
spherical, the secondary which is considerably smaller is only slightly aspheric.
R i< a sphere from which about .4 micron of glass has been removed at the edges,
the corrector is of the usual Schinidt type. This telescope is considerably shorter
than the classical Schmidt (about .6 the length) and is completely free of distortion
as well as all the usual aberrations and has a flat field. The only difficult part to
make is the corrector plate and it is quite possible to develop a similar Maksutov
design. The system shown in Figure 1I-13 could be made distortionless also, but
it would probabl: require two leages as shown and would have a much greater tube
length than Figure li-14.
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Figure 11-14. Distortionless System

n.32



k. Coumpacison of Schmidt and Maksutov Correctors

Essentially, the aspheric Schmidt plate and the Maksutov meniscus lens

perform the same function; they "parabolize™ a spherical mirror not only for axial,
but also off-axis rays. They aretwo different means of accomplishing the same thing, 3§
but they are not equal. The following differences are tabulated: a

1.

[3-]

Because of these differing properties several persons notably Baker and

The Schmidt plate can ke made from a thin piece of glass. The ‘
Maksutov lens is made from a fairly thick piece of glass.

The actual curvatures on the Schmidt plate are extremely slight, but
they are aspheric. The curvatures of the meniscus lens are steep,
but they are spherical. While it is simple to make these surfaces on
a machine the two must be perfectly centered, a not too simple opera-
tion.

The Schmidt plate at high aperture ratios introduces chromatic ab-
erration, the meniscus lens, odidly enough does not.

The meniscus lens in high apertures introduces coma and astigmatism,
the Schmidt plate does not. i

Linfoot have proposed and designed systems using both kinds of correctors to ob-
tain still better results. One of thesc is the Linfoot Meniscus-Schmidt which has

been built as

vided between two optical elements neither one has to be as strong as a single f/1.2

fast as /1.2 with nearly perfect imagery. Since the correction is di-

corrector and hence they are fairly simple to make. This is shown in Fignre 1I-15,

Of course, a

system at /1.5 could be folded as in Figure II-14 and made distortion-

less. In this design the aberrstions are less than either the Schmidt or Maksutov.

/ SCHMIDT CORRECTOR MASRUTOV CORREC TOR

Figure N1-15. Linfoot Meniscus - Schmidt System
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The final development of these ideas is the Baker ""Super-Schmidt" in
which two aspheric corrector plates are sandwiched between a split Maksutov _ens
as in the Wynne camera. This design is capable of nearly perfect imagery up to
about £/0.8 and is shown diagrama:ically in Figure II-16.

AC{ROMATIC SCHMIDT PLATE
SPLIT MAKSUTOV LENS

AN NNNAN N

Figure 1I-16. Baker "Super-Scamidt" System

There are several possible designs that meet the optical requirements.
The one that appears to be the simplest to construct and has the least mechanical
problems is that shown in Figures I-11 and II- 14 which may be described as a
Schmidt-Cassegrain. These systems are known to be distortionless and to show
Image quality surpassing the requirements. The most compact is that shown in
Figure II-14 which uses a Schmidt corrector. It is alsc possible to have a similar
system with a meniscus lens corrector, but if a split menis cus corrector is re-
quired the system will be at least 80 inches long. So far as can be seen at present,
the two are optically equal. The meniscus system will show less chromatism over
a long speciral range. The cost of the optics appears to be about equal, the thin
aspheric corrector or the thick meniscus are equally difficult to make. The rigidity
of alignment of these systems cannot be overemphasized. Bending of the tube must
be less than .002 inch in any position and the separation of the primary and correc-
tor must not change more than about .006 inch with temperature. This requires an
extremely stiff or compensated structure made of Invar or compensated by bimetal -
lic construction. The mounting for these optics is a large part of the expense. For
mechanical reasons, the distortionless Schmidt-Cassegrain shown in Figure II-14,
or alternatively the equivalent Maksutov design if it can be made with s single cor-
rector is recommended for the aerospace surveillance task.

Pogsible Field

E of these systems (Schmidt or Maksutov) will produce a good field of
about 20 degreed. The only difference between a Schmidt-Cassegrain designed for
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3 degreec and one designed for 20 degrees is that the lavger field requires a slightly
larger primary mirrcr and secondary and will therefore show somewhat greater ‘
obscuration. The difference in cost is negligible. ‘j

1. Chromatic Aberration of the Schmidt Corrector

The Schmidt corrector plate acts like a weak lens and therefore posses-
ses chromatic aberration which cannot be corrected by the associated mirrors.
As in any lens, the amount of chromatism is a function of:

1. Focal length. Actually this corrector has no focus and this factor is
the distance of the corrector from the image. The magnitude varies
directly with this distance.

2. Spectral rgnge of detector. Phontographic film has a range of about
3000-7000A4, the range of the camera tube may be even greater. The
magnitude of the effect varies with the variation in dispersion of the
glass. All known glasses show high dispersions for short wavelengths
so that it is really the amount of ultraviclet that determines the dis-
persion.

Below is shown the spectral 1unge which wiil show the same amount of
dispersion in different parts of the spectrum:

Spectral Region Spectral Range.
1.0 micron 1800 A
15 1000
.70 800
.65 600
.57 500
.50 400
.45 300
.43 250
.41 200
.39 180
.37 150
.36 100

This table shows that if the allowable dispersion was say six units, then if
this were at the red cnd of the spectrum it could cover the spectril range from .5
micron to 1.0 micron, while if it were at the blue end it would cover only the range
from .36 to .45 microns.

These figures indicate that it may be more economical to eliminate the
ultraviolet, if the total energy loss is small, than to achromatize the corrector
plate. There is an excellent set of sharp cut-off filters available which remove
the ultraviolet or blue at any desired wavelength and transmit the remainder of the
radiation nearly completely.



The aperture ratio of the primiary. It is difficult to place an exact
figure on the point where achromatization becomes necessary without
actually calculating the case. It can be said that a 96 inch focus f/2
system does not show objectionable colwi, nor does a 30 inch f/1.5.
However, for the distortionless system shown in Figure II-14, where
the corrector plate has been moved in from twice the focal length of
the primary to about 1.1 focal lengths and the aperiure ratio of the
primary has been incre 1sed to about f/1.6 to compensate for the re-
duction of aperture angle by the convex secondary and for the obstruc-
tion loss; the power of the corrector plate also has to be increased.
The general recommendation is that for this system and a focal length
in the region of 40 inches the chromatism of the corrector plate may
become objectionable depending on the required short wavelength
spectral range.

At this point, it appears that we have a borderline case where nv derinite
decision can be made, but there are several alternatives:
a. Limit the blue end of the spectrum with a filter.

b. Use the Meniscus-Schmidt system as shown in Figure II-15, and folded
if desired.

c. Achromatize the Schmidt plate.

Any of these alternatives appears to be less expensive than the long tube
of the conventional Schmidt or the Wynne system.

m. Conclusion

There appear to be several systems that meet the optical requirements.
All of them are modifications of the Schmidt or Maksutov camera. Considering
the cost of both the optics and the mounting, the system shown in Figure II-14 is
favored. Its merits are:

1. Shortest length.

2. Completely free of distortion and all iajor aberrations except possibly
chromatism. Meuans for combating the chromatism, if final analysis
shows it to be troublesome, have been discussed.

3. Flat field.
Good tmage quality out to at least 20 degrees field, more if required.

8. Folded design allows placing the camera tube or tubes outside the
telescope, and if fiber optics are used to segment the field, the length
of the optics will be less than a non-folded syste:.

8. The convex secondary mirror is not a difficuit part to make. It is al-
most a sphere slightly ligured arcund its edge.
The spherical primary is easily made.

8. The resoluvion could be made to exceed the present requirements if
needed. For the lowest cost the specifications should call for no more
"resolution than can be used to advantage.




Chromatic Aberration of the Schmidt Corrector

It is not possible to decide on whether or not the chromatic aberration of
the corrector plate will prove troublesome. There are several alternative desi, ns
for the corrector plate; in fact an entire family of curves all of which correct the
spherical aberration of the primary and have various advantages. For example,
there is the corrector plate curve that requires removing the least material and is
therefore easiest to make and there is the corrector plate that shows minimum
chromatism. With this second design which is the one Schmidt himself preferred,
the system can be made as fast as f/1.0 without showing chromatism. "The principle
is as follows:

The curvature of the plate is such that it corrects all rays to a given zone
of the mirror having a radius. .707 times the full aperture. The plate then treats
all light inside this zone as overcorrected and outside as undercorrected for spheri~
cal aberration, with the resulting effect that this zone of the plate has a null effect
for both spherical and chromatic aberrations. It follows that the residual chroma-
tism introduced by such a plate consists of two portions, one overcorrected outside
the zone and the other undercorrected inside the zone, and these two portions tend
to nullify each other.

Or in other words; by proper desigu it is po;sible to reduce the chromatism
to about one-quarter of the amount indicated by simple theory of correction for the
marginal rays.

2. Distortion of the Schmidt

The hasic principle of the Schmidt camera, which is the use of a spherical
mirror with an aperture stop at its radius of curvature, leads to a system in which
angular magnification is independent of field angle, and therefore is constant.
Basically the system has no distortion.

The two factors which introduce minor amounts of distortion are attempts
to flatten the naturally curved image surface and "cosine magnification’ of the cor-
rector plate.

The normal Schmidt system has a focal surface whose radius of curvature
is exactly equal to the focal length of the primary. If a large portion of this image
is used its depth will exceed the depth of focus when this image is placed on a flat
detector. It is cornmon therefore to use a plano-convex lens, flat side toward the
detector to shorten the focus of the axial rays. Such a lens is called a fieid-flattener.
One way to look at the operation of such a lens is shown in Figure II-17a where
curved wavefronts are shown entering a plano-convex lens. Since light ‘ravels
slower in glass than in air the center of the wavefront is retarded most by the thick-
est nart of the lens and if tne lens is designed properly the wavefront emerges prac-
tically flat.

Another way to look at the matter is to draw the ray paths. Figure II-17
shows the foci of axial and marginal rays falling on a curved surface Figure II-17¢
shows what happens when the field-flattener is used. The curved surface of the
lens not only changes the focus but also the lateral position of the focus because for
rays in intermediate zones it acts as deviating wedge as well as a lens. This kind
of distortion can be calculated by finding the zone of the field-flattening lens where
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“the maximum distortion occurs and then finding the prism deviation from the lens
power. Knowing the required lens thickness the lateral deviatio. or distortion can
be found.

In this rase the most sensitive zone for a 1.6 inch diameter field-flattener
is at . 586 inches from its center. The radius nf curvature of the image surface in
a 40 inch focal length Schmidt is 40 inches. The sag or depth to the focal surface
across a 1.6 inch diameter is .008 inches. To flatten out a wavefront with this
curvature requires a lens that has a variation in thickness calculated from the for-

mula:
nV
=D

where
T is variation in thickness

n is the refractive index of the glass

V is the sag in the wavefront

If a glass with an index of 1.5 is used T becomes .024 inches and the radius of the
lens is 13.3 inches. The slope angle of the convex surface at a zone.586 inches
from center is 2-1/2 degrees and the optical deviation angle is 75 minutes ot arc.
The thickness of the lens at this point is about . 0096 inches. Where a ray travels
.0096 inches and is deviated from its true course by 75 minutes its position will be
deviated .0002 inches from the true position and this is the miaximum distortion
due to this cause. Even with a focal length as short as 30 inches the maximum
displacement of any point in the image will be .00032 inches. Both of these dimen-
sions are less than a resolution element of the optical or TV system and therefore
probably not worth considering. For the record, this type of distortion is not the
normal cubic variety, but is positive or pincushion zonal distortion.

The second source of distortion is the corrector plate. It is designed to
have zero power for paraxial rays, but which can have any one of several shapes
described Ly a family of curves. Normally, the corrector plate is installed flat
side toward the incoming light so that paraxial rays are all normal to this surface
and are not demoted until they strike the aspheric surface. Off-axis rays strike
the flat surface of the corrector at an angle and are refracted so that they are dis-

from their true paths by an amount determined by the thickress of the plate
sid the difference between the angles of incidence and refraction.

It is normal to make a corrector with a thickness one-twentieth to one-
fortieth its diameter so that it is a relatively thin lens. A full treatment of this
kind of distortion has been given in an astromomical paper which is not presently
available. It is believed the distortion is quite small and thus unimportant for the
field angics considered in this study.

There is a full discussion of all of the errors of the Schmidt to the ‘ifth or-
der, with and without field-flatteners in the book "Re: ent Advances in Optics". ) Ac-
cording to the formulas, distortion due to the corrector plate is more or less of the

@)Linfoot. Recent Advances in Optics, Oxford University Press, 1955.
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normal type, reaching a maximum at the edge of the image, and for the proposed
system would arount to only . 00005 inches at the edge of a central field the size of
obe image tube and even if six image tubes were used the distortion would be only
.0008 inches or less than a resolution element.

Thus for the size fields we have considered, the normal Schmidt system
distortion with or without a field-flattener is negligible in that it is less than a reso-
lution elerient.

12. FIBER OPTICS

The optics generally offer a larger image plane area without serious distortion
than a single image orthicon or other electrical sensors can serve. Fiber optics
offer the possibility of coupling more thza one I.0. to this image plane. They also
can be used to couple a rectangular arca to a square area or vice versa.

From about 1956 to 1961 there was a great deal of work done in the field of
fiber optics. The Journal of the Optical Society of America published papers on
the subject in pretty rapid fire order from 1957 to 1961. A notable series of papers
by N.S. Kapany and others covers the subject very thoroughly. The first paper in
the series was in 1957, V47, page 413. The concluding paper (No. 9) was published
in 1961, V51, page 1067. Other good papers by Hicks, Snitzer, Sigmund, and others
appear. One by Snitzer on waveguiie modes in 1961, V51, page 499 is useful. There
was also a general article in the Scientific American about a year ago and a front
cover illustration showing waveguide effects.

In general the fiber systems used to couple a lens image plane to an I.0. can
be treated as a geometrical element. Waveguide effects do not appear in fibers
over ten wavelengths in size. General Electric developed a fiber transmission
system using four micron diameter fibers. Waveguide propagation was evident if
looked for closely, but did not have any effect on output resolution. Skew rays be-
have peculiarly, for example, a single fiber illuminated at an angle by a single
pencil of light will distribute light in an annulus at its exit end. For this reason
it is not strictly correct to assign a numerical aperture to a fiber system although
this is frequently done. Bends generate skew rays and may result in light entrap-
ment inside the fiber. These effects are minor in most applications, resulting in
s alight loss of efficiency. The absorption coefficient of a typical fiber is 10-¢/cm
which is about 1% absorption per meter: - Very low.

The following data (about two years old) from Mosaic Fabrications, Inc.;
208 Chapin Street; Shuthbridge, Massachusetts; serves to illustrate the availability
and versatility of fiber optics.

JLIMITATIONS OF THE PRESENT STATE OF THE ART

The following are a few devices that may be of interest. The limits are in
some cases dependent on each other and in some cases dependent on less obvious
parameters so that in each case of real interest, someone familiar with the art
should be consulted for » more emmot opinien. This is only a rough guide.

CRT FACE PLATES

Size: upto 10"
Fiber size: down to § microms
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Numerical aperture: up to .95
Distortion: up to 1% (but the distortion is not correctable by standard optics)
Inner curvature: probably no restrictions

STRIP FACE PLATES (FOR READING OUT A SINGLE LINE OR TYPE OR THE LIKE)

Size: up to 1/2" by 10"

Fiber Size: down to 5 microns

Maximum number of fiters: up to 50, 000
Numerical aperture: up to .95
Distortion: less than .0G5" absolute

FIELD FLAT i ENERS (TWO DIMENSIONAL)
Same as face plates, plus:

Fieid angle correction: Should not opera.e out of or into an optical system
slower than F/4. O.K. for contact work.

FIELD FI ATTENERS (ONE DIMENSIONAL)

This area is unexplored, but the total number of lines across the width is
robably not timited. The minimum fiber size is probably around 10 microns.
Field angle correction is the unknown quantity here.

IMAGE DISSECTORS (FOR CONVERTING A SINGLE OPTICAL LINE TO SEVERAL
A L'NES ON A

dSize: up to 20"

Fiber Size: down to 5 microns .
Maxirnum number of fibers: 10, ” .
Numerical aperture: wpto .7

Distortion: up to 5%

Fileld angle correction: Unknown, but don't count on workiag jato an optical
system slower than F/3.

PLEXIBLE PERISCOPES (CURRENTLY UNMAVAILABLE)

Size: up to 1/2" diameter
Length. up to 25 feet
Maximum number of fibers: up % 1, 000 across diameter

Fiber size: down to 10 microns (down to 2 microns for very shert runs and
special applications)

Numerical aperture: up to .6 (.85 for contact wesk)
Fexibility: less thaa you would imagine
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OPTICAL MILLEFIORI

Cross sections: square, rectangular, round hexagonal
Fiber size: down to 3 microns

No. of fibers across diameter: up to 50

Numerical aperture: up to .7

Diaweter: up to 1/2"

IMAGE CONDUIT

Cross section: round
Fiber size: down to 3 microns

No. of fibers across diameters: 500

-

Numerical aperture: up to .7

All of the above devices can be used to give magnification or demagnification.
In some cases this makes the job harder, in other cases easier. When magnifica-
tion or demagnification is used, the minimum fiber size at the small end can be as
low as sacrifice transmission efficiency.

Speciral transmission range at least .4200 to 1 micron in all cases. For a
length of 2" cr less .3800 to 2 microns. For a length of 1/2" or less .3600 to 2.5
microns. For critical applications special glasses may be used which go out to
.3200 microns. This will generally result in a low numerical aperture (around .3).

"Optical mosaics'' refers to fused blocks such as CRT face plates, field flat-
teners, etc.

"Millefiori'" are single strands of fairly arbitrary cross section (circular,

square, @if.) esmposed of 2, 000 o l8ss elaments fused together. They are reason-
ably flexftighup to . 030" diameter tnd can in any case be hot bent to any desired
path. '

"Image conduit" is the same but composed of more elements -~ up to 100,000,
These will carry a reasonably good picture.

Single fiber refers to clad optical grade fiber. We don't encourage the sale of
this as a raw material, but where the customer wants to experiment with fancy con-
figurations or where the single fiher is o end product ~- it can be bought.

13. MOUNT REQUIREMENTS

Mount precision (smoothness)and angular accuracy is only moderately critical
in the actual surveillance system in that it need only be held within one resolution
element size or approximately 8 to 12 Secs (. 0020 to.003°) depending on system
field of view for the exposure time of the sensor. The type of mount (axis arrange-
ment) most generally will be equatorial that ia rotation in declination and hour angle
to follow star movement. Since this rate is slow (=1 revolution/day) special care
is needed to gbtain the smoothness required.
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When obtaining a catalog with photographic film or plates, etc., the precision
and smoothness must be about twice as great as indicated above and over the longer
period of time required for the film exposure.

For other supplementary applications where high resolution viewing or precision
tracking is required more precise mounts are needed. Here the practical limits vary
depending on system requirements. For instance, if the track is only the sidereal
axis motion smooth worm drives, weight or spring loaded, are adequate and inexpen-
sive; however, if the track motion varies then an expensive precise mour.! is needed
plus special provision for handling jitter and non-uniformity (Precision) in motion.

In this case, torque motur drives, air or hydraulic bearings etc., are usually needec
plus special tracking techniques.

14. OPTICS-SENSOR TRADES

Before completing the optics selection and equipment design calculation tech-
niques, we must examine potential sensors and their characteristics and specifica-
tions and possible processing techniques, as these will affect:

a) Limits of resolution.

1. Optical quality of image for the full spectrum of the sensor.
2. Photocathode resolution and charge spreading.

3. Scanning beam diameter.

4. Electronic circuitry.

b) Energy required per picture and per resolution element vs singie and groups

of scanning lines.

©) Sensitivity and detectability limits.

1. Background level (sky or scene illumination level).

2. Beam noise (shot noise).

3. Circuit noise.

4. Integration capability of sensor.

Extent of baffling permitted to reduce background noise buildup and reflec-
tion losses in reflecting optics systems, optical losses and transmission

efficiencies in refractive elements, etc. Use of spun or cast ailuminum
coa.ed mirrors instead of glass, etc.

Feadyy -
&

In addition to detection parameters and processing techniques, the system re-
quirements should be analyzed to be sure of a compatible system. For instance;
large optics are only needed for applications involving Fast Moving Object Surveil-
lance and Detection. For other requirements use smaller optics with integration
time set for detection limit desired. Also, detection is not limited to an object
(star or satellite) the same magnitude as the background magnitudes per square
fecond of arc. When a short focal length lens is used, a single resolution element
looks at a background sky area of many §ecs2 and thus the background is increased
accordingly, and depending on its value can limit performance. For long focal
lengths the background might be faiater than the equipment noise limit and thus
would not be reached.
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Though nptics systems are generally used for a diametrical view (round field) or a
square or nearly square (3 X 4 raster) they are by no means so limited.

One pertinent variation applicable to the space surveillancz task is the "strip
view". That is the field of view is small in the vertical axis ‘elevation or declina-
tion) and extensive in the horizontal axis (azimuth or hour angle). This technique
permits x ring fence or fans to be established thru which objects of interest must
pass. Much like the ""fans” of the early warning radars.

The Maksutov optics adapts well to this technique in that it can be made to have
a long narrow-image plane area. By making it narrow the light obstruction due to
.the collecting image plane surface minimizes this otherwise disadvantage. The im-
age is collected from its curved focal plane thru use of filter optics and fed to a
series of 1.0.'s to the extent of resolution and horizontal angle coverage desired.
(60° or more is practical from a single optics system).

The economics of the optics - fiber system - number and type of sensors, and
mount package will vary with ingenuity of the manufacturing techniques available to
the contractor involved, and thus will determine the choiee.

These paragraphs. illustrate the possibilities availaule to the system design
group as long as equipment is not specified bui rather only the task to be accom-
plished.

B. DETECTION ANALYSIS

This subsection will define and analyse detection, and will calculate detection
loss and performance limits of an image ee¥con.

a. Introduction

For most image devices the eye is used as the final detector. Such devices
include image amplifiers with a continuous non-scanned output, and image orthicons
and vidicons that use a scanned electron beam readout with a cathode ray tube scan-
ned image presentation.

When the eye is used as the final detector, the problem of detecting a point
object is a function of the viewing conditions. The eye has a finite integration time
(usually considered 0.2 seconds) and a viewing angle approximately 5 arc minutes
in diameter for this integration time. The smallest object the eye can resolve is
about 1 arc mrinute in diameter; and the resolution sensitivity of the eve is a func-
tion of the illumination level. This discussion will assume that the overall bright-
ness and gain of the image display system (monitor) can be adjusted for best view-
ing conditions, including an optimum viewing distance from the monitor.

In 1948, Albert Rose of RCA (4) found that a signal-to-. oise ratio of 5 wasg
necessary for detection of a point object with a "flat field" background. The signal
is defined as the mean number of diiferential flashes or quanta in the object area,
compared to the flashes in any object-sized area of the adjacent background. The
signal originally was negative, or less than the average background, but for smali
contrast the thecry holds for signals greater or less than the average background.
The noise is defined as the sigma or fluctuation of the flashes in all object-sized
background areas, which for a Poisson process is the square root of the mean

(4)Rose, Albert, Journal of Optical Society of America Vol. 38,p. 196; 1948,
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number of flashes in each object-sized area. The signal mean and background
mean flashes are the time integration of the total flashes in the eye integration time
of 0.2 seconds, if the image is viewed directly. Figure [I-19 shows the analytical
image.

For Detection:
(From Rose) B

zlmz

2 Vs (1)

N 1S A NUMBER OF LIGHT FLASHES IN THE AMPLIFIED OUTPUT,
OR THE IMAGE LIGHT PHOTONS OR PHOTOELECTRONS.

Figure 11-19. Point Object Detection in Flat Field Background

What does this signal-to-noise ratio of 5 (or greater) mean in terms of percent de-
tection and false alarm rate? It is assumed that both signal and background have
Poisson distributions of time variation between successive images, and the back-
ground has a spacial/Poigson distribution for each image. The following brief an-
alysis of detection and false alarm considers just one image, and defines the proba-
bility that the signal area with a mean of N + Ng has a specific value (x) or greater
o be the detection probability, with a somparable false alarm rate defined as the
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probability that one of the background elements with a mean of (Ng) can be (x) or
greater. The assumption has heen made that Ng is large enough so the Poisson ‘
distribution is Gaussian even in the tail areas of smal probability. The sigma equll

to the square root of the mean relation of a Poisson distribution has been kept, but #¥i
the analysis would be unmanageable if the actual Poisson distribution were used to
analyze false alarm rates of 10-3 to 10~7

Even with the asaumptlon of a Gaussian curve, the false alarm rates are a
function of the assumed background mean Ng. unless a detection probability of 0.5
is required. The detection probability and false alarm rate for two values of Ng
(100 and *) and two ratios of peak signal to rms noise (5 and 6) follows. Figure
I1-20 shows point object detection drawn as two probability curves.

BACKGROUND SIGNAL
Ne:Na: ONg = N oie
Ng:Ng: Ing = voig
PIX:

Ng+Nc:Npg+ Sy N
8 5 '8 8

‘:TNB *‘Ns 2 VIN' +3y Ng

a AN

Ng Ng+Ng

Figure 11-20. Point Object Detection Drawn as Probability Curves

Now to define various signal-to-noise ratios: the image signal-to-noise ratio
is defined by the number relations of isaqge photons collected by a lens .

lm = Ns photons @

" NB photons

So the image signal-to-noise ratio can be changed by a change of the lens used
to make the image, or the image { n time, but is not a function of subse-
quent quantum efficiency, etc.

The detection signal-to-noise ratio is defined by the number relations of the
final particles used to form the image viewed by the eye: for an image orthicon
the particles are photo electrons, and the background has to consider the additional
elesirons not caused by the background photons. For a film image the particles
are developed silver crystals, and the background has to consider the additional
background developed particles due te fogging and not caused by background photous.
Since there is some image spreading. the background particle number has to be
counted in an area equal to the spread aresa.



DETECTION PROBABILITY AND FALSE ALARM Rs_E

CONDITION DETECTION PROBABILITY FALSE ALARM RATE

N, = 50 28 x 10”8
B ) i

-N§ =5 .90 .108 x 103
.99 3.79 x10-3
Ng =100 ‘ .50 .28 x10-6
§\= 5 .90 : 3 X 1_0,'3
.99 1.62 x10-2
Ng = = .50 .987 x 10~9
g = 6 : .90 1 x10°8
.99 .125 x 10-3
Np - 100 .50 987 x 1077
\ .90 .6 %X 10-9
‘:} s .99 1.15 x10-3
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D - s (electrons) XZ

is the image spread in 3)
terms of resolution elements

SN
\{inB (electrons)

The detection signal-to noise-ratio is a function of the image quantum efficiency,
amplifier and scanning beam noise, thermal background electrons from the photo
cathode, and other system variables. The detection signal-to-noise ratio Dgy; is
always equal to or less than the image signal-to-noise ratio Igy. And a detection -
signal-to-noise ratio of 5 is required for good probability of detection. The per-
formance of any given device can be expressed by the ratio Dgy/IsN. where the
best performance gives the largest ratio.

b. Point Image Detection

1) Star Detection and Image Signal-to-Noise Ratios

The theoretical limit of star magnitude or inlensity that can be detected
depends upon the finite background illumination of the night sky. Therefore, a cal-
culation will be made of the image signal-to-noise Igy as a function of the lens,
exposure time, and background intensity.

A report by John Spalding(s) gives the background intensity in terms of
star magnitude per angular area, and the sky resolution limit of 1 square arc
second of angular area as the spread of any point source due to atmospheric tur-
bulence. Thus, the background number should be calculated from a 1 square arc
second of angular area.

Star magnitudes are a method of comf ressing the intensity ratios, similar
to a db scale. The origin of star magnitudes was based on the ability of the unaided
eye to see a range of intensities called 5 steps or magnitudes. Measurements
showed that this range of 5 magnitudes had an intensity ratio of 100. This can be
expressed mathematically, with eash subscript referring to a specific or general-
ized star magnitude:

I I
-—o = . A—o— - -
, 100: log,, 1y logyg 100 = 2 “)
5
In general
I
—Q = = . =
(K) log1015 Kx2 = 8:K = 2.5 (5)
lo i’---2-Mx=o41\¢x'-l—°—--10""“",( (6)
€10 175 x T

So, the larger the star magnitude My, the smaller the intensity I,. Negative
star magnitudes imply an intensity greater than the reference Ip. This |, intensity
is due to a point, and its units are flux (in lumens, photons persecond, or watts)

er unit area perpendicular to the flux, in square centimeters usually.

(5)Spalding, J., "'Photoelectric Observatory Report #1", GEL TIS 60 GL 186.

11-49

‘e



The flux density of the zero magnitude intensity can be given in the follow-
ing terms:

<10 lumens

Io = 2.44X%X 10 ) Outside Atmosphere (7N
cm
I, = 2.07x 10710 _lﬂn_g_t_x_s_ Inside Atmosphere
cm
Atmosphere Transmission
at Zenith: = .85
N =1 06 photons X (t exposure cm? leqs)
o 2 Outside Atmosphere (8)

cm” second

If the background is given or calculated in terms of star magnitude Mg
per night sky square second of arc:

N N )
0 _ 10%4Mpg. B _ 4,04Mp. o - N x10
Ny, N B~ N,

2
-0.4MB xt xcm

Now, for any image system the minimum background angular area, whatever the
system resolution, is 1 square second of arc due to the atmosphere. Therefore,
this will be the assumed resolution limit of film. But a scanned image has a reso-
lution image area equal to the total image area divided by the square of the number
of scan lines (for a square raster), and this resolution image area will be equiva-
lent to x2 square seconds of arc, where X is a function of the number of TV scan
lines and the lens focal length.

The general expression for the image gy assuming photon noise only is:

N
I, = —— A-1

8N J)-(!N—B

where X2 is the number of square seconds of sky per image resolution element
(X is always 1 or greater) Ng is the number of photons per picture of a star, and
Np is the number of photons per square second of sky per pictur® due to background.

Por a scanncd image system,

_  Image Width 3600 )
X Lens Focal Length x §7.3 x TV Lines Active A-2

After a photocathode conversion from photons tc nhotoelectrons, or a
film conversion frosm photons to developatla grains of silver, s quantum efficiency
is defined as:

- converted partic - B

n
e = photons N A-3

11-50



n. NSXe NSX\/-e

SN )
2 X"N,e 2
VXnB B XNB

2 2
- -0.4M _ exposure T D {cm™)
N'S No x 10 s xt <seconds \)x 4 X ~Lens
N. = N X 10-0.4MB t/exposure % m x DL 2 2
B 0 x \seconds 4 ens (cm’)
‘ 2
N x10°04Mg T Dy Vet :
o 4 \3
D = - A-5
SN XVN x 1070 4Mp o 7o 2
o 4 Lens *°* .
For good detection, Do\ = 5 ;1
-0.4M D ‘
10 SD L J T ?
5 = X X 4N xt xex= A-6 X
10—0.2MB X o 4 J
100.2MB 5X o 4 .
DL ' T )
0.4Mm = 0.2MB + logm (-a.—JNOx t x exz) A-7
JNOX /4 Dyyext P
MSD = O.SMB+ 2.510g10 —5—-— + 2.5 log10 ‘-—— A-8

Now, if equatioa 8A is evaluated for tiie best conditions of Mount Palomar:
t = 10 hours = 36000 seconds: X =1 arc 55»732/ resolution element

D, = 200inches = 508 cm: M, = 21.5 mag/arc i sky

L B
N = 0.85x 10% Bhoons  1p51de Atmosphere)
cm sec
Mg, * 10.75+ 2.5 log, 163 + 2.5 log 508436000 Ve
MSD = 28.75 magnitude fore = 1.0
Mg, = 26.25 magnitude for e = 1072
-3

25.0 magnitude fore = 10

3
C]




2) Star Detection Loss Due to Image Orthicon

The visual photon image is changed by the image orthicon into a photo-
electron charge image that is read by a seunning beam, namplified by an electron
multiplier, amplified and pro. essed (level clamped and sync added) external to the
image orthicon, and displayved on a monitor. The following analysis will {ind the
resultant monitor detection ratio for visual evaluation, and will also consider the
clectronic signal to noise ratio for electronic evaluation. These assumptions are
made:

a. The photocathode quantum efficiency e. the mesh transmission target
photocathode secondary emission St. and dynode (1) secondary emis-
sion S are all uniform, so there is 4 "flat field” output with a “flat
field" illumination input. There is no grain, mottling. spots, shad-
ing, etc.

b. The monitor detection is not limited by the eye angular acuitv. The
brightness. gain, and viewing distanc~ caa be adjusted for optimum
viewing.

c¢. The electrical signal-to-noise ratio is not affected by an amplifier
external to the image orthicon.

d. A perfect eye integration of v.& seconds.

¢. Linear beara landing characteristics.

To emphasize assumption ¢, the camera preamp is assumed to be perfect
with no noise. This cannot e, but the analysis will then show a theoretical limit
of detection determined by various constants of the image orthicon. And if enough
image orthicons constants are accurately known, the comparison of analysis with
performance will show the detectinn losa that can be assigned to the external ampli-
fier.

The analysis will calculate the detection loss of the image orthicon by ex-
pressing the detection signal-to-noise ratio in terms cf the original signal-to-noise
(at the photocathode) as the signal passes through the image orthicon. The Dgn
will be found before the photo electrons from a charge image on the target, the Dgn
of the target charge pattern, the DgN of the return scanning beam, and the DgN
after amplification by the electron multiplier stages, where:

N = Average or mean number of visible photons per picture ex-
posure, in a given area.
XSN = Image signal to nolse ratio.
DSV = Detection signal to noise ratio as an» image is nrocessed for
* eye display.
F‘SN = FElectrical signal to noise ratio of a scanned image.
e = Average photocathode quantum efficiency =

Output Photo electrons
Input Visible photons




Target mesh transparency

St = Average target secondary emission ratio for photocathode
photo-electrons
_S1 to S = Average secondary emission of the nth stage of electron

secondary emission.

The image signal to noise ratio of photons at the image plane of a lens is:

@)

After a conversion to pnotoelectrons and transmission through the targec
mesh

Nsea'

D 2)

8 (ea (Ng + Nq)

Nt are the thermal electrons emitted by the photocathode; for a S20 with
10-15 amps/cm2 at 250C, in 0.2 seconds exposure time approximately .1 thermal
electrons are emitted per resolution element, so the thermal ""noise" electrons will
be disregarded. This assumption could not be made if an S1 photocathode or ele-
vated temperature operation was considered.

The DgN of the target charge pattern will now be calculated. It is assumed
that all of the secondary electrons from the target are collected by the target mesh.

Nt = Np. (8t -1) 8) Nt positive target charge

Npe photocathode electrons
8o the signal is N—S € (St -1) 4).

The total variance of the background charge is calculated using the results
of exercise 3, page 74, Probability and Statistics by Arley and Bach.(®) This ex-
ercise shows the relation of mean and s.gma for a primary electron stream. a sec-
ondary emission surfece, and a secondary clectron stream:

PRIMARY SECONDARY SECONDARY

ELECTRONS EMI_SIONS ELECTRONS
Mean Z, Mean j; Mean 7%, ®
Sigma 0 Z,, Sigma oy1 Sigma o Z,

.o 2 2 -
71 = IJ(;yl H OZ] - OZO (yj)z + Gylz (ZO)

(6) Arley & Bach, Probability and Statistics
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Now assuming that both the primary electron stream and the secondary
emission have Poisson Distributions:

Z, = Ny<a : 02,2 = N_ca (I Poisson)
(6)
}1 = 8 ofylz = 8, (If Poisson)
2 _ 2 _ 2 ‘
0,° =0Z,° = Nyea S° +5 (Nyeq) )
~ Nsea (5,-1) ) Ng Jea (st -1)
Doy = = (8)
N ﬂea(S%S) JNB s2+s
B t T St Wy 75

(Target Charge)

It is now necessary to calculate the readout beam detection ratio, The read-
out beam scans the gun side of the target and leaves ''negative charge'" electrons in
areas where the image light intensity has built up a positive charge since the last
sweep or scan. The part of the scanning beam which doesn't land on the target and
cancel positive image charge is called the return beam. The return beam is directed
back to the scanning gun, where it strikes the first anode in a series of secondary
emission electron multipliers. The output current from the last electron multiplier
is the signal current of the image orthicon. When there are target areas of no net
positive charge the output current is maximum. When the area being scanned has
the maximum target charge due to image light intensity, there is a maximum signal
with a minimuin output current.

The depth of beam modulation (the percentage of the scanning beam that
can be used to discharge the target) js somewhat dependent on the charge spre: * of
the signal . If the beam current is increased there is less modulation of the I :am,
less spread of the target signal point charge, and more beam noise.

There is some question about the amplitude of beam noise. If the amplitude
of beam current can be controlled by a control grid voltage there has to be some
space charge between control grid and cathode. Therefore the beam current re-
leased by the control grid is not as random as a temperature limited emission elec-
tron beam, and does not have the Poisson Distribution associated with temperature
limited emission. But the beam goes through a limiting aperture of 1.5 mil diameter
(0.0015 inch) which might make the beam more random and give it a Poisson Distri-
hution.

This analysis assumes there i8 some space charge limit of scanning beam
sigma:

02 Beam = r2 02 Poisson : (I"2_<_ 1) (9)

The total scanning beam electrons in the signal area of X2 resolution ele-
ments would have to be at least equal to the signal plus background target charge
(NS + X2NB) € & (St -1) in the X2 resolution element area. How many more beam
electrons are required is dependent on the beam modulation assumed:

Beam Modulation = % (10)



n Beam = (NS+X2N )ea s, -1K

2

o’Beam - (N + XNy e (8, -DK T2

an

(12)

The return beam will be the difference between the number of scanning
beam electrons and the target positive charge (in electrons).

ma squared will be the sum of beam and target variances, however.

The return beam sig-

s
A’g‘:‘] M return = 7 beam - 1) target = Ngea (S, -1) (13)
r )

'iigtgmm] 0% return = 0° beam + 0 target (14)

.

NS €Q (S -1
SN
(Return Beam) ‘/ 2
(N + x2 Np)ea (S, - SDKT2+x Np € (5, +S) (15)

The equation for the return beam detection signal to noise ratio is no longer

in the form Ns/\lXZNB that can be related to the original image Igx
the final image orthicon Dgy, if a noiseless electron multiplicatxon 1s assumed.

This is nearly

Without showing the details, and using the previous secondary emission
analysis of Arley and Bach the output detection sigual to noise ratio is:

Dgn

Ns \Iea (St-l)

ouput ¥ Ko - Wﬁ'ﬁ-};)+g,|ﬁu-f.‘-u;,ta+,‘m

(16)

Inserting typical values for an S20 magnesium oxide target image orthicon:

-]
L

[T BN

25 emmesw=gy | (a) 184 uamps
75 : Tumes for an 820

1 () 5000°K Black Body
o () 0.85x 108 photons___
3 cm  second

a (0) magnitude star

for

For image detection I SN is required to be § or greater:

N

SD

2

- 22.5 Ngp) - 195 x° Ny = 0

an

(18)
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= 2 )
Ngp u.z+4u.z +195X? N . . (19)

TABLE 1
N 2 .
SD X NB Plot in Figure II-23
22.5 0
29 *
56.8 10
151 100
N 453 1062

To compare the analysis with experimental data, calculations were made
using four different focal l1ength lenses, with a 1029 lice TV system. The image
spread area was assumed to be 2 TV lines, so X2 was 4. The eye-menitor viewing
integration time of 0.2 seconds was assumed, and was used for the exposure or
picture time. A square raster with a 1.25 inch square imar 2 or the photocathode

-was assumed. The plot of analysi= with measured performance is shown in Figure
n-21.

22 T Y - A SN aun S an 4 v oo ey LA SERAD S SUN NN 2 o |

1
W

I

Wy, OLTECTED SWN MASNTUOE

1000 ACTIVE TV LINES
CONTINUDUS SCAN

.&*_‘ MONIYOR EYE VIEWING
520 - Mg0 - 10

‘V A PN WD U WA Ut s cadurrn s ddbadede re e bbb dhdh " & P
! ! 10 00 1000
LENS DIAMETER (Cm) ACTUAL MEASUREMEN™

Figure [I-21. Detoction Star Magnitude

11-56



ANALYSIS VS MEASUREMENT

e e A ARG i v - ¢ b Sl

Case 1 Case II Case III Case IV
RCaAS TT Hobson Astro Berling Super Feran
200" F L 40"F L 6"FL 3"FL
Constant 15'D 38cm 5D 12.7cm  3.3'D 8.3cm 3.45'"D 8.75¢cm
9-square field 0.363° 1.82° 12° 24°
2
Arc Sec” Sky
Res Flom 1.7 42.8 1870 7480
Ng
5 1.7%_.21 42.8x .21 1870 x .21 7480 x .21
Cm°® Res E1 Sec 100 100 100 100
2 P
A Lens (cm™) 4
Includes losses 7% 78.6 35.3 35.8
Np
—— o
Res E1 (0.1sec) .276 .705 13.8 56.2 Ny
szB
02 se0) 2.2 5.64 110 450
Ny Pgy = 5) 35 45 160 325
Nep .
) . 228 2.86 2.5 45.4
cm 8sec
N s " 4
% s.omae® 2.rx10d smixict  1erx10
SD . i
Mo 16.45, 13.7 1.4 10.7
Aqnalysis £
Meo 13 §; 11 10 9.5
Measured L

NTV Active = 1000

Lens Transmission = 60% tc 80%

No = .85 % 106 photons/cm? gec
Background 21.5th Mag/sec? arc

Eye ation Time 0.2 sec

Photoe: Scanned Area 1.28'" x 1.26"

g




ANALYSIS VS MEASUREMENT

@ Arc Sec’ - 1.26" x 57.3 % 3600 2
ution Element Lens (TVL) active
Focal
Length
(inches)

® Lens Area = -g (D inches x 2. 51)2 x T lens

For the refractive lenses, a transmission T of 60% was assumed.
For the refractive lens, a transmission T of 80% was assumed.

(3) was calculated for 0.2 second integration time assuming any detectable
spte 2 lines high and wide.

@ NSD was calculated from the graph of NS) X XzNB sssuming 0.2 seconds
image time.

6 l:a) considers the N, flux density of zero mag point object after atmospheric
atténuation.

Some of the measured data agrees with the results of the analysis. In all
cases the analysis predicts better performance than the measured performance.
Some of the increased performance predicted by analysis might be due to the as-
sumption of a 21.5 magnitude star per square arc second of sky background, which
would rarely be found in the Syracuse-Schenectady area where most of the per-
formance results were measured.

One result of the analysis is the dependence of the required star photons
for detection on the number of background photons. Tr.is means the detection star
magnitude is s function of lens focal length as well as the lens collection area.

The analysis assumes linear beam landing characteristics, or equal in-
ocrements of target current for equal increments of target charge. This condition
is equivalent to assuming a monochromatic scanning beam in terms of thermal velo-
cities. John Spalding has reported a longer time constant for faint stars: when
viewing a new star field it is noticeable that faint stars take seconds of integration
before they become detectable. So, the detectability of faint stars is improved with
oontinuous operation, using the eye integration time of 0.2 seconds compared to a
monitor photo of a singie acan of the charge pattern on the target after a photo-
cathode integration of the same 0.2 seconds. The better continuous performance
is a function of the beam landing characteristics. A discussion of the velocity
distribution of an image orthiocon scanning beam was given by Hans Heil of the
Electronics Lab., Syracuse, at an Image Intensifier Symposium October 6-7, 1963,
Fort Belwoir, Vu'lhu
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Figure O-21 shows the calculated performance using four different focal
length lenses. The major questions that result from the analysis are:

1. Is the scarning beam an emissiun limited with a Poisson distribution,
or does it have an equivalent s™ace charge?

2. Because of the beam landing chai‘acteristics of a non-monochromatic
scanning beam, what is the actual time of photocathode integration for
a single image to give the same detection ability as continuous opera-
tion, when scaling lens diameters and focal lengths ?

The conclusions to be drawn from the analysis are:
1. Dy =Kqfca

2. The secondary emission ratios S; and S; should be large to maximize
DgN, but the typical values of presentl. O. Tubes are not the performance
limiting variables.

3. Most of the 1.0. performance loss is dueto a quantum efficiency less
than one, and the noise added by the scanning beam and preamplifier.

4. The analytical resu'ts show that the star magnitude that can be de-
tected is a function of lens diameter, lens focal length, exposure time.
end number of active TV scan lines, for a given image orthicon.

8$. It appears the preamplifier noise is more important when using a long
focal length lens, with the smaller required beam current due to a
smaller field of view. The difference between analysis and measured
performance is greatest for the longest iocal length lens, with the
largest f/ratio.

The final detection equation (16) has two regions of interest. When
long focal length lenses with large f/ratios are used, the background
can be neglected and the required Ngp photons for detection is a con-
stant. In this region (defined as ') a doubling of lens diameter will
result in 1.5 magnitude increase in detection; doubling the integration
time will result in a 0. 75 magnitude increase in detection. If a small
{/ratio larger diameter lens is used, the background is larger, and the
| required Ngp photois for detection is proportional to the square root
§i of the background photons. In this (region II), a doubling of lens diam-
SR eter will result in a 0. 75 magnitude increase in detection, and doubling
[ the integration time will result in a 0. 375 magnitude increase in detec-
i ilon. As the f/ratio approaches 1, the theoretical detection magunitude
s the measured performance, because the preamp noise is
no longer large in respect to the beam noise.

If the photons per cm? second from a 0 magnitude (visual) star are

counted after passing through at "'normalized’ visual passband, the

photons connted are much smaller than the photons that could be

counted after passing through the much broader "normalized"” passband

of an S20 photocathode. A rough analysis of a 5000°K black body radia-

tion gives 0,25 X 106 photo-electrons per cm? second for a (0) magni-

" tude star that contains 1 x 106 ""visual passband'' photons per cm? sec-

ond. And this value is used in the analysis of star detection, when the
r cm? second outside the atmosphere are assumed to be

1.0 x 10° for a 0 magnitude point source.
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3) Star Detection Signal to Noise Compared to Electrical Signal to Noise

There is a difference between the eye signal-to-noise ratio (DgN) defined
earlier in terms of photoelecirons or monitor photons, and the electrical signal-
to-noise ratio of the scanred signal used to produce the visual image.

For a single line "electronic look' at an image, the peak signal is propor-
tional to the flux per resolution element (ng/X2), assuming the signal is spread
over X2 resolution elements, with an arbitrary resolution element width equal to
the TV scanning line width. The peak signal voltage, as previously stated, is pro-
portional to the average number of signal electrons per resolution element per
scan. and the rms noise voltage of the background is proportional (with the same
proportionaiity constant as the signal voltage) to the square root of the number of
background electrons per resolution element per scan.

ng Signal electrons/resolution element

ng Background electrons/resolution element

) .2
_ peak signal _ ns/:\
SN rms noise
Vg

Py adding x lines electrically (by circulation or delay line) the electrical
signal would increase by x and the electrical noise (Pcisson) wnuld increase by the
VX. The Egp after x lines have been added, would be

E (9)

O 1 ox
\’ ngp X2 VX

This improvement in EgN would vary with the line scan number, and the
full improvement would only appear on the last line scan used to write the image.
(This scheme would not work with an interlaced scan.) Therefore, the best EgN

would be displaced from the center of the spread point object to the last scai. line
of the object. '

ESN [ X lines added] = (10)

Now, if a sampiing techuique could be used to add up the amplitudes of X
resolution elements, the EgN would again be improved by v i

X lines added nS 1 ns
Fgn = —_— = VXVX = {11)
* X elements added \InB X Xn

This improvement would als: result in the best detection at the final element posi-
tion of the scan line; thus, if successive scan lines moved from top to bottom, and
cach scan line moved from left to right, the best EgN would occur at the time cor-
resnonding to the lower right hand element of the spread point object.

The sampling technique of adding elements sounds complicated, but is
easy to achieve by decreasing the bandwidth by a factor of X, which would not

11-61




e e B

change the peak amplitude of the signal (at the time corresnonding to the last reso-
lution element), but would decrease the rms noise by a factor of v X.

The final detection DgN is a function of the total signa! electrons and iotal
background electrons:

n
s
DgN = ——— (12)

szn

Bt

Now, if there Kg scans during the eye integration time t (eye):

n_.K .
Dgy = === = Egy |10 VK = Egy € \fx{
: A /nB K . " {Processing Processingi’ (13

Therefore, if it were possible to add electronically the K scans that occur
during the eye integration period, the electrical Egy c.uld be made equal to the de-
tection DgN. This K scan addition can be approximated by using a photocathode in-
tegration period of t(eye) before the target charge pattern is scanned. Thus, elec-
tronic processing can achieve an EgN nearly equal to the eye view Dgyn.

If an image has a 2 line spread. and the eye is integrating 6 TV scans. the
ratio between the vxsual signal-to-noise rciio and the electrical signal-to-noise
ratio would be 2V .9to 1. Therefore, a point object barely detectable visual-
ly, with a ngT/4/nBT X of 5, would have an electrical peak signal to rms noise
ratio of one (approximately). As shown by Figure II-24, an Egy of 1.0 is difficult
to detect.
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Figure I1.-24. Plot of Dgy vs Egy When - Point Object is Just Detectable
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If it is assumed that the image is not spread more than two image lines
for a § times greater than the just detectable star intensity, then this 5 times in-
tensity increase (a star magnitude decrease of 1.75) would give the just-
electronically detectable star magnitude. Or the electronic detection wouid be 1.75
star magnitudes less than the continuous 0.2 second monitor eye detection. But, if
the image line spread increases from 2 hues to 3 lines for a point source intensity
5 to 10 times the eye detectable minimum intensity. it would take 7.5 times the
minimum eye detectable intensity to give the same electronic detectability. Or,
with a 3 line spread with increased intensity, the electronic detection would be 2.2
star magnitudes less than the continuous 0.2 second monitor detection. This as-
sumes 1/30 secor per complete scan, or 6 TV pictures in every eve irtegration
period.

4) Spread Object Detection

a. Detection Theory of Picket Fence Spread Objects

The differences between a point source with a random orientation in
an image scene. and the repetitive pattern "picket fence” of TV resolution charts,
are many. For one thing, the detection criteria of theory is difficult to relate t.,
actual images. And the tube has to be operated with more beam current to limit
image spreading, since an image sprezd will give an information loss.

—

When viewing the TV image. the viewing distance is varied sc that &'
the area »f interest is approximately 5 are minutes by 5 arc minutes of angular :
viewing area. This is the most effective area for integration and detection, as d
reported by Mertz(7) in 1950. Mertz also discussed the bandwidth of measured
noise as a function of noise perception. He concluded that with a flat noize spec- !
trum the "spectrum level” (rms noise voltage per unit bandwid:.' ) necessary to

just perceive noise is independent of the noise bandwidth used to display the noise.
If the probability of detecting noise isequivalent to the signal masking effectiveness

>f the noise, th~n the noise rms voltage (proportional to the square rcot of the
bandwidth used to measure the noise) is not an effective measure of detection proba-
bility. The important variable with flat spectrum noise is spectrum level. nr rms
noise voltage divided by the square root of the measurement bandwidth .

To review this conclusion, when viewing a medium spacial irequency
(iine pairs per inch) picket fence pattern, only the noise in the same spacial fre-
quency region is efiective in masking the signal; you can look at the pattern at the
appropriate viewing distance and disrcgard or omit the low and high spacial fre-
quency noise. And for any given TV scan system there is a definite relation be-
tween spacial and time frequencies. Thus, for flat spectrum noige, the important
variable is ""spectrum level" or noise rms voltage or curr«nt per unit bandwidth.
The viewing eye is then considered a "bandpass' device.

There are two extremes of operating conditions: where noise is inde-
pendent of the image intensity. which might be approached by high illumination con-
ditions; and where the system has been designed and adjusted for best performance
so part of the noise is photon noise. This analysis considers the limiting condition
of detection due to image photon signal and noise, with an image loss due to the
quantum efficiency only. The video r wplifier noise is not considered in finding the
maximum performance limit set by tl.. image orthicon phetocathode.

(7)Mertz, P., "Perception of Television Random Noise"”, Journal Society Motion
Picture and TV Engineers, Vol. 54, pp. 8-32; January 1950.
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». Calculation of TV Line Resolution Sensitivity

This analysis calculates the detection Dgy of one square black bar in
a grey or white background, then multiplies th1° DSN by a factor of 2 to convert
fusing Coltman's measurements, Figure I1-25)( (8) from one line pair to 4 line pairs.
it is assumed, with a standard wedge type TV resolution chart, that there is no dif-
ference between one TV line and one TV line pair (since there is no signal more
white than the background). Anl it is assumed the standard wedge resolution of 4
black lines and 4 white spaces s> equivalent to 4 line pairs.

. ,_#:::-,#__r;#,‘ BN

£ ° GNAL
o NS TECTION
£ nese |JFTE '

10 r——‘r— ——
9 r——«J»—

2 - 7;‘-&+ii ;.. } - <4 L - N —
1h-1-.1'-~- -—alh e -~
' »—-T»-p---{w— + - 1 - & - ]» r-;— ,L_ -
i U 1 T I I A
' 2 4 ¢ ] 10 12 14 | 19
T/ LINE OF PATTEARN
Figure 11-25, Requized for Detection as Function of Line Pairs
ed Using Square Mask on Monitor
If X is the number of resclution element widths equivalent to the sig-
nal width: '
. f
- TVL active ;
X N signal 1! (#1)

®)Coltrian ani Anderson, “Noles Li tm to Resalviag Power In Electronic
Imaging " IRE, Vol. 48, po 848
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If the signal contrast is defined as the ratio of signal intensity to
kground intensity ( a background reflectance greater than any signal reflectance)
t signal areas always naving less iniensity than the background intensity:

n/A R . -Rg -
C = Signal Contrast - —>—— - Back _Sig _ emax emin
/A “Back €
"B ac

(32)

ng A Signal photo elecirons per unit area (one resolution element)

ng 4  Backgrouni photo electrons per unit area (one resolution element)
Ry Background reflectance

Rg Signal reflectance

With this analysis there is no possibility of a contrast g eater than one.

ng =C . ng : ng _photo electrons (33)
resolution elemernt

9
ng X" . X

n.
S
D , = = - = CJ x (3‘)
SN g
\ an2 V"B

So here the resolution element is one active scan line wide, and one
ive scan line high.

And if the background density is calculated for the number of TV scan
3, then the lines that are finally resclved will be in terms of image height.

] m.mm@de Pa-tgeluctrons |8 the Raster Ares
"B active ""5 "'%

active
n
- L %5 (38)
X _[3 "pr . TVL
Dgy = Vng - C . X ‘J4 T™L2 - U Naigml (36)

If DgN = 5, N signal becomes the number of lines per picture height
can be resolved {f the signal has only one TV line:

.1 {2
Nreoolnd‘ sq4a °pr  C
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Adding the factor of 2.0 to include the increase of detection due to
4 line pairs:

. _2 [3 |
Nresolved ~ 3 \/4 "pT . C (37)
Nresolved 0'346\’in . C (38)

Equation (38) gives the resclution in terms of total raster area photo-
electrons from the photocathode that would be required per picture to give the reso-
lution lines Nyagolved: This number of photoelectrons is gathered in the total eye
or monitor photograph integration time, and woulo be the amount collected from a
flat field of averag» transmission or reflectance not considering any signal areas.
So, to convert from photoelectreons to incident photocathode photons:

NResolved N 0'346\/1\171‘ e . C (39)

From the results of numerical analysis using 2800°K black body radia-
tion with a S20 response, *he rcsultant sensitivity is approximately 150 micro-
amperes per lumen, This is equivalent to approximately 9.4 to 1014 photo-electrons
per lumen second. It is easier to evaluate the photoelectrons per lumen second,
than to choose a rather arbitrury photon total, with its associated average quantum
efficiency. This value of photcelectrons per lumen second has to he multiplied by
the target-mesh transmission of 70%.

Photoelectrons 14 14
= = <
Lumen Second 9.4X10° "X a = 6.6 10" (520) (40)

Solving for total photocathode photons per picture, with a 1.8 inch
diagonal and 0.2 seconds to include the eye integration time:

it

Npr 25 ) \12

' 9
FC, X 6.6 1014 x l?-) (LQ-) X 0.2
(41)
1.4 x 1012 FC,

1]

Npr

This analysis assumes no noise from the target secondary emission,
beam. electron multiplier, or preamplifier. (With high beam currents the preamp
noise can be neglected).

And finally, for whitc light and S20 photocathode

12
Nposolved 0.346 X C XY 1.4 x 10 FC, (42)
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Now to solve for the required FC (footcandles) photocathode illumination
to give 100 TV lines resolution (vertical) with 100% countrast, 4 line pairs, white
light and a S20 photocathode:

100% = (.346)2x 1.4 x 1012 FC,: FC = 4.9 1078

The following table shows the footcandles of :llumination required
(from analysis and from measurement) to give various TV line resolution capabili-
ties. A calculation is also made of the photons required per line resolved resolu-
tion element.

TABLE 2
520 RESOLUTION SENSITIVITY

<

Footcandles at Photocathode Photons/Resolved Res Elem

Nresolved Analysis Measured Analysis Measured

100 4.9x10°%  1.2x1077 102 252

T 4 x1077 102 210

300 “4%x1077 9.5x1077 102 222

~7 -6 !
400 7.9x10 1.9x10 102 250
500 1.2x10°%  4.0x107® 102 336
600 1.8x10%  g.ox107® 102 466 |
The measured and analysis data for resolution sensitivity are plotted 1
- in Figure II-26. The analysis results are better than the measurement results. ]

200 2.0x 10

Coltman, in his 1960 IRE Article (reference 8), gives a requirement
of 2.6 X 109 photoelectrons per second for a theoretical resolution lirit of 100 line
pairs per picture. It is assumed that this resolution is equivalent tc 200 TV lines
per picture width, with the minimum electrical Egy required for datection of 8 line
pairs or more. To coavert photoslsetrens per second to number of footcandles:
From the previous ansalysis

8 1
picture

rons . 4 3x108%x F.c. x 0.08x 3% )7 0.2 S5onds

picture

n
photoeleetrons _ 12 - 5 second
picture 1.4%X10°" xF.C. 2.6%x107%0.2 picture

_.52x10°

g = 3.7X% 108 foot candles

FC

Coltman 1.4x10
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= 200 TV lines (width) = 150 TV lines (heigkt)

Nresolved

This value for Coltman is plotted in Figure O-25.
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Pigure 11-26. Line Resolution Sensitivity for 820 Standard Scan
Eye View MgO Target

A check with Coltman's Figure II-25 shows an EgN improvement
from .25 for 4 line pairs (our anaiysis) to .13 for 9 line pairs (Coltman analysis).
This would be equivalent to an illumination improvement of (2.5/1.3)2, or would
mean that (2.5/1.3)2 x 3.7 x 10~8 foot candles would be required for a 4 line pair
pattern, using Coltmans analysis. It appears the analysis of this report agrees
with Coltman at the 150 TV line per picture height point.

At lower line resolutions Coltman's more complete analysis considers
the detection loss due to additional noise background of thermal photoelrctrons and
amplifier noise, plus the detection loss due to finite screen size, and the associated
loss due to less than 9 or 10 line pairs on the TV monitor.

At a higher number of lines resolved, Coltman considers the >tection
loss due to the spacial frequency loss in contrast of the image orthicon. The con-
trast loss at higher spacial frequencies is equivalent to a decrease of beam modula-
tion at higher spacial frequencies.

The changes in curve shape between the report analysis and the meas-
ured resuits can also be emplained in terms of additional amplifier and thermal
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noise at the low number of resolved lines, and a spacial froquency contrast loss
for the higher number of resolved lines.

C. COMPONENT OPEFRATING THEORY

This subsection will discuss details of operation, and limitations of performance
of various specialized image components. Part II-C-1 will discuss scanned image
tubes, concentrating on the thin film (MgO target) image orthicon. Part II-C-2 will
discuss scanned image storage for temporary catalog or integration for improved
signal-to-noise ratio improvement, concentrating on secondary emission non-
destructive readout storage tubes.

1. SCANNED IMAGE SENSORS

Imaging sensors in this discussion are limited to electronically scanned de-
vices and direct view devices, thus excluding the inechanically scanning thermo-
graph sensors and similar image recorders.

Imaging sensors are available in various sizes, sensitivities, resolution, spec-
tral response, time constants, etc. They range from small vidicons to large image
orthicons.

The principles used in vidicons and orthicons differ in that the common vidicon
measures the variation of resistance of the sensing layer "target'’ material as
established by the scene energy; whereas, in the orthicon, the variation of elec-
tical charge on the sensing layer is measured. In the vidicon the sensing surface
is scanned with an electronic beam, with the resistance variation of the "target”
changing the beam current, for "target'" modulation. This "Target"” modulation
causes a changec il voltage across the load resistor which is then amplified exter-
nally. In the orthicon the electrical charge is imaged on the "target" or sensing
layer by photo electrons emitted by the photocathode of the image sectivn. The
image is focused electro-statically and magnetically from the photocathode to the
“target.'' The electron beam as it scans the ""target' discharges it, in so doing
the amount of reflected or "return” beam charges by the extent of ''target" charge.
The modulated return beam is amplified by an internal electron multiplier before
being applied to external video amplifiers.

Vidicons and orthicons generally have external magnetic deflection systems,
though electro-static deflection is just now coming into being. A variety of sensing
layer or ''target'' materials are used depending on type. The image orthicon image
section is available with one of several photocathode surfaces (8-1, S-10, S§-20,
etc.). Because of its many features (speed, sensitivity, resolution, etc.) the GE
thin film low light level MgO image orthicons will now be discussed in detail to-
gether with application notes.

a. The Thin Film MgO Image Orthicon
1. General Operation |

The image orthicon development has been primarily concerned with
broadcast studio work, where controlled lighting is possible, to permit operation
with a signal well above the tube and circvii background noise. In color camera
work, the color filters needed added severely to the light requirements; hence,
development was iaitiated to produce a low light level image orthicon. This GE
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" development features a high gain, thin-film magnesium oxide (MgO) '"target" (or
sensing layer) with a sensitivity of twenty to fifty times that of the glass ''target"
tubes (such as the 56820). Sensitivity in this case is the amenunt of photocathode
illumination required for a specific resolx‘irm.

Besides sensitivity, this target ha: several other specific advantages. Its
extreme thinness and anisotropic property virtually eliminate sideways leakage, thus
increasing resolution capability over the standard glass target of the type 5820
Tubes. Resolution upwards of 2000 lin:s per inch have been easily obtained.

The thin film MgO image orthicon may be used to store for long periods
before being read off, which permits additional sensitivity by use of low frame rates
or beam pulsing with long integration times.

Another feature is that it is nearly void of any stickiness and burn-in, since
operation depends on electron conduction, which is net a depletion process, rather
than on ion conduction as in the glass "target' tubes. Thus, the tubes can be under-
scanned for long periods without permanent deterioration.

The recovery from light saturation cr blinding is nearly immediate, with
no after effects; see Figure II-27 where when operating at maximum low light leve.,
a Navy 24" signal search light was blinked directiy at the camera from 3 miles
distance. Only a 1-1/4 inch diameter area of a 17" monitor was bloomed and this
recovered within 2 scan periods (1/15 sec) whereas our own (human eye) sight was
still obscured’ ‘

2. Operational Detail

The image orthicon basically is divided into 3 sections. The image section
consists of a photo:athcde sensing surface which releases photoelectrons when sub-
jected to incoming photons. The photo-electrons are electrostatically and magneti-
cally focused on the “target' or sensing layer thus creating a charge pattern rep-
resentative of the scene energy striking the photocathoda. See Figure II-28.

The photn-electron charge pattern is one of maximum positive charge in
areas of greatest primary electron density, due to the secondary emiss . (approxi-
mately 10 for electrons having a photocathode to target mesh velocity of 500 ev).
The target mesh collects all of the target secondaries from the photoc:itode side,

pless the primary beam intensity from the photocathode is great enouga to raise
Jo target surface positive in respect to the target mesh potential.

The electron gun provides a controllable electron beam directer toward the
target which is cansed to scan the target according to a patte.,n established by the
electro-magnetic deflection coil system and associated driving electronics. The
beam current is set to neutralize the charge pattern on the target and in so doing
is modulated by the extent of the charge and the beam current level used. The re-
flected (and modulated) beam returns through the same deflection field, and is am-
plified by the electron multiplier (essentially 'noise free"” gain so that sensitivity is
limited to the ''shot noise'* of the scanning beam) to a level appropriate for further
external amplification.

Since the beam noise may be limiting sensitivity (with a good preamp) we

wish to use the lowest value of beam current commensurate with the scene illumina-
tion to get the best signal-to-noise viewing.
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A. Starlight Night. Horizon Not 8. One scan 1/3C sec After Ex-
Visible to Dark Adapted Eye witn tinguishing Searchlight

7 x 50 Night Binoculars (Subma-

rine Qfficer}; 24" Navy Search-

light Directed at Camera from

Distance cif 2 miles; Note Min-

imum Bloom

c. Two scans 1/15 sec After D. Three Scans 1/10 sec After
tinquishing Searchlight Extinguishing Searchlight;
Chart Room Light on Tug Visi-
ble (Though All Lights Supposed
to Be Extinguished); Other Lights
on Horizon Are Navigation Aids

Figpure 11-27. Thuese Pictures Demonstrate Limited Blooming and
Recovery Speea of GE Thin Film MgO Image Orthicon When
Operated Properly
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For highlighted areas we need more current, thus more beam noise, hence
the lower illuminated areas or intensity sources will be compromised vhen setting the
beam current to prevent saturation of the higher intensity areas. Techniques are
being investigated for beam contro! within a scene, but until they are developed we
must set the beam current higher fo:' the overall desired results.

The target (sensing layer) current is the difference between the beam cur-
rent and the return current. The signal current io the target current amplified by
the electron multiplier and since the target current represents the charge established
on the target by the image section photo electrons, it is proportional to incoming
signal or pho ons. Fer each single resolution element the beam landing current-
voltage relat.onship applies when, and only when, the bean: is on that element. The
radiation intensity (incoming signal) builds up the single element target-cathode
vnltage while the beam is not scanning the element and it is discharged by the bedn
when it covers the eiement. The voltage after scan is determined by the amount of
charge supplied by the beam which is a function of beam current.

The operation of a scanned image tube is affected by the beam Ianding
characteristics. The beam landing characteristics are non-linear and therafore the
transfer characteristics are non-linear in the low and high radiation regi .ns com-
parable to low and high target voltage changes. The beam current has to be greater
than the target current just necessary for discharge, otherwise abnormal image
spreading will occur because the charge is not fully discharged and thus will sprecd
to adjacent elements until the beam current supplied over the element and neari:,
elements will discharge the total charge.

For viewing star fields (varying intensity point sources against a back-
ground) a compromise setting of beam current is made between minimizing spread-
ing and that needed for detection of the lower intensity star images near or at back-
ground light (noise) level.

\When viewing a scene (distributed objects) etc., the beam is set to obtain
desired resolution of t+.: brighter areas. Even in this case some spreadiag may b
allowed in order to better view low intensity areas of the scene.

For studio TV operation the beam current would be increased until there
is no apparent spreading in maximum intensity areas and the illumination would be
controlled so that no areas would be detection limited by the shot noise of the high
heam current used in order that no ohjectionable noise (snow or grainness) would
appear in the picture. Further deia:ls (the operating levels, characteristics, and
techniques of signa! modulation, the affccts of varying point source targets such as
stars versus distributed scenes as in studio work, different conditicns of scanning
neriod, number of lines, and comparison resoiuiion-gensitivity) are covered in the
following technical notes on the use oi thesc tubes. Much of the notes bere treat
operation for other than studio use which is adequately advisable in commercial TV
literature.

3. Tube Characteristics

The GE low light level MgO image Ortrizon tubes are available with vari-
ous photocathode surfaces, target to mesh spacing, standard or militarized and rug-
gedized versious. The following table plus Figurs {I-29 summarizes those presently
available. Some are standard available tubes while others are still i1 the special
purposes category.

1I-738




Genera! Electric offcon a wide and diverrified line of imays orthicons which incorporate ~tmificant break-
throurhs in the state of the art . .. for unlimuted relevision anplicaticns in fields of ... COMMERCIAL
BROADCASTING . .  SCIENTIFIC . iNDUSTRIAL ... MILITARY . .. such as RESOLUTION mm-
proved as much as 50¢; . SENSITIVITY unpruwed 50:1 . . LIFE extended 3 t0 5 umes . . . SUPER"RUG-
GEDIZED to exceed 600 lines at 100U cycles, 41'g's . . . and dc acceleration of 30g’s.

SPECIAL PURPOSE « SCIENTIFIC + INDUSTRIAL = MILITARY

meg | FEATURES | SPECTRAL RESPONSI  , tRESOQLUTION STREITIVITY | APPLICATIONS—USER PROVEN®
i . .
GL-7S32 | magnesium oxide target 32006950 A 500@14x10-8 “low tight tevel surveiliance 1Dace mewh-
10 10 2C timas more sansitive than pear  biue 200 15 10 gation
5820 310 “eleztro optical izlosiome yestems
CUTAE | " vame a3 GL. 508 *airborne {ire control
pivy same as GL-7538 *missile  and  satellite-borne  systems
super-ruggedred drone guidance
“tank fire controd
GL-7987 magnesium ouide Larget 3200-7400 A S00 @ 4.81x10-° “extreme low light level sunwitance
W S0 times more sennitive than 5820 high re¢ lensitivity 200 @ 501 107 “orthicon intensilie: studies
dus to nroto cathode. 520 *underwater obiervation
*astronomical studies
GL-7389 magnesivn ride taret 2500-7000 A SO @ 14210 *missila detection
o ultrav-ie! ensitive peat . UV 200 @ 1.5x 10~ specirogranhic detectorsy
“underwater observation
medical dlological studie
GL-7629 wme o2 GL-7538 1205 5950 A tequivaient ASA rating *medical X-Ray intensifier studies
o pee. - divk 32.000-—64,000 “closad circuit tra” ing
Mghet signai ncrse fatio shuve $10 *simulated aircraft training
0~ ft< illumination on photo- *sterec X-Ray studies
cathods |

DEVELOPMENTAL o SCIENTIFIC « INDUSTRIAL o MILITARY

1-4395 magnesium orids target 3200-10,500 A SO0 @® 761 102 *Infrared detection: passive and active
w infra-red sensitive pesk : infra-red 00 @ 1.0x 10~ daylight star lrackung
s *serisl mapping
19ectrographic oelsctors
17808 [ same as GL7538 medical television
s same 33 GL-7S28 “hibrp-ojtics systems
t ye-uptics faceplate photographic printi
high speed Information scanning
T s as QLT *fibreoptice systems
ys: same a3 GL.7967 *radiation scintitiator studies
hidte-oplics faceplate photographic printing
high speed information scanning
784 same 88 GL TR T alsciro-optical telescope systems
us: same o GL.7967 axtreme low light Jevel surveillance
field mesh Hatter Ralds underwater observation
improved cornar resolytion orthiron intensifier studies

COMMERCIAL GROADCAST + NETWORK » [DUCATIONAL

¢ 7628 high reliability 3200-6950 i equivalent ASA rating remate black/white o3 dow a3 | i<
very long life scene fHumingtion
low fight levei sensitivity 10 32,010..54,000 remote color—as low 38 5 fte weme
wmiconductor Wrgst illumination i
long 1de studio sarvic>
WIAT w’v;‘c WY stodin coflw Wto 100 Rec illwaston
us: 00064 remots color
field mesh fatter fgios 32 /000
 imyroved coiner resnlution
SCAR ) 5od gray seaiw glass targel =IO | siucio black/whits 00 R< scena IF
stabiie performance {new tube} lumindlon
edurationsl TY
LAy u.nic o W-5820 RN studio black/white
plus: kigh guality monorhrome
field mesh f.tter Neids inaw tube) td'uuq" v
— improved corne: resclution
(X 14} e 0 W53 ' T30 Ngh quality video Lape recording
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Old No.

Z-52%4
Z-5358
Z-5396

Z-5453

Z2-3395

The S-20 Tubes are 3 to 4 times more sensitive than the S-10 versions.

Type No.

GL-7629
GL-8092
GL-7821
GL-17538
GL-7409
GL-7967
Z-7806
GL-7969
Z-7807
G-17814
Z-7809

Z-7810

Z-7808

Photocathode
Surface

S10
S10
S20
S10
S10
S20
S20
S10 (UV face plate)
S10 (UV face plate)
520

S10 (Fiber Optic
Face Plate)

S20 (Fiber Optic
Face plate)

S1
81

Mesh-Target Field

Spacing

10 mil
10 mil
10 mil
80 mil
80 mil
80 mii
80 mil
80 mil
80 mil
80 mil
80 mil

80 mil

80 mil
80 mi)

Mesh

No
Yes
Yes
No
No
No
No
No
No
Yes
No

No

No
No

Ruggedized

Yes
No
No

No

No
Yes

The spac-

ing of the target affects the sensitivity and the noise content for a given ambient

light level.
extreme sensitivity is desired the wider spaced §-20 tubes are needed.

The close spaced tubes are not as sensitive nor as ''noisy, ' but when
In military,

iow light level (night) applications the wider spaced tubes are almost always used
where~s for daytime operation the closer spaced S-10 versions should be used.

times the S10 response, but the $20 response is wider.

uniform in quantum efficiency, or sensitivity, across its surface than the S10

The spectral response of the photocathode surfares normally available are
shown in Figure 1-30. For other photocathode surfaces refer to Figure I1-31. For
those applications involving response in the ultra-violet (UV), tubes with special
UV face plates should be used since it is the glass face plate that cuts off the UV
response of most of the suitable photocathode surface materials.

The increased sensitivity of the S20 photocathode compared to the 510
photocathode is shown by the photocathode spectral response curves. The ratio of
3 to 4 times sensitivity for the S20 agsumes a wide spectral input from 28000K to
5000°K black body; in some narrow spectral bands the S20 response is onlv 2.5
One problem of the 820 is
the non-uniformity of the photocathode quantum efficiency. The 820 is much less

The GL-7967 is the rost widely used of the special tubes; it is a wide
spaced S-20 tube and therefore most sensitive for night use. For daytime usc the
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GL-7629a is highly recommended; it i8 an S-10 close spaced commercial broadcast
MgO tube. It has excellent uniformity with micimum noise in addition to the other
advantages of MgO tubes.

4. Ruggedize? Image Orthicon

Complete printed specifications are not available at this time; however,
each tube is identical to the non-ruggedized tube listed below, except that it has
been designed to meet the following ruggedization specifications.

Ruggedized Tube Equivalent Photocathode
Non-Rug_gredized Tube
G-E E1A G-E ElA
Development Type Development Type
Number Number Number Number
ZL-7805 - Z-5395 - S-1
ZL-7806 - Z-5396 GL-7967 S-20
ZL-7807 - Z-5453 GL-7969 uv _
ZL-5358 GL-7409 Z-5294 GL-7538 S-10
Shock - 100G's

Per specification MIL-E-5272C (ASG) Paragraph 4.1.5.5 with the following
differences:

a) 12 impact shocks of 30 G.

b) The shock shall be applied in the following directions:

1) Vertically perpendicular to longitudinal axis, 3 shocks in each
direction.

2) Paralle! to the minor horizontal axis, 3 shocks in each direction.
c¢) The shock pulse width is define”’ by the use of a 0.2 to 250-cycle-per -
sacond filter.

Vibration - 10 G's

Under the conditions specified in MIL-E-5272C (ASG) Paragraph 4.7.12
Procedure XII except at operating temperature only. Center horizontal resolution
at 3 x 105 maximum foot-candles, photocathode illumination will be at least 350
lines with 5G applied acceleration in the frequency range from 50 to 500 cycles per
sacond and a double amplitude of 0.036 inch from § to 50 cycles per second.

Humidity
Under the conditions specified in MIL-E-5272C (ASG) Paragraph 4.4.1
Procedure I. Following this test, the interelectrode insulation of the end pins 5, 6,

7. 8, 9, and 10 each with respect to all other and base pins grounded and with 350
volts (minimum) applied is greater than 500 ohms.
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Acceleration - 70 G's

Constant acceleration when applied perpendicular to the longitudinal axis
of the tube for 10 minutes.

5. Technical Notes for MgO Image Orthicon Application

The success of applications using the GE low light level (MgO) Image Or-
thicon is dependent on the proper selection of the variable parameters of the environ-
ment. the tube as a sensor, the optical system, the scanning pattern. the video
processing, and the readout system. Lack of proper consideration in any one of
these areas may cause much dissatisfaction. It is the purpose of this section to
discuss the relative factors and trades available to the equipment/system engineer
in the use of the MgO Image Orthicon tubes for special purpose applications.

a. Resolution/Sensitivity Continuous écan - Distributed Targets (Scenes)

Continuous scanning of the I.0O. target is the normal mode of operation,
together with eye viewing of the monitor to observe the scene. The normal tele-
vision use for which much of the published data is written involves scenes of distri-
buted targets (extended sources and resolved target scenes); that is, a studio scene,
an outdoor sports event or such. Here the ambient light level is usually sufficiently
above the noise level of the tube and a reasonable rendition of the scene contrast is
reproduced. Typical performance curves for this studio type of operation are shown
in Figures II-32A and B.

Note 1: The curves are plotted for output resolution vs scene illumina-
tion. Thus for low ligt* l¢ els the resolution is dependent on the tube
sensitivity and scene illumination. At the higher light levels better
resolution is available if more scan lines are used. To get higher
resolution, sufficient light and proper number of scan lines and band-
width mus* be used in the camera electronics and in the monitor used
for viewing. The reverse is also true, that is, for low light levels
where the ambient light and tube sensitivity show a low resolution pic-
ture the number of scan lines can be reduced to approach the limited
resolution, and bandwidth lowered accordingly; meaning a less critical
(more economical) video amplifier and processor.

Note 2: Scene Brightness or Luminance (B) equals Scene Illumination
(E) times the scene and/or Object Reflectance (R), i.e., B = E.R.

Note 3: By Geometric Optics the photocathode Illumination (E)pc in
ft. candles is related to the Scene Brightness B in candles/ft2

B candles/ft
4 (f/no)®

Epc (ft candles) =

If B in footlamberts eliminate 7
The theoretical analysis of detection performauce at lowest light levels on

distributed scenes as read by eye-viewing a monitor, however, shows no improve-
ment by using fewer scan lines, if the scan pattern sweeps the same target area of
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the image orthicon in the same time. (Assuming beam current was adjusted at
lowest value for detection and thus would be the same as long as the same scan area
and time is used irrespective of number of lines.) The energy from the scene hasn't
changed, therefore, the average beam current does not change for same performanc:
level. The thecry holds for noisy and noiseless (theoretically perfect) videc pre-
amplifiers. Bandwidth is usually not a factor since the eye is the ultimate signal
recognition detector.

The condition, is, in general, the same for the case where over-scanning
is employed (to decrease number of equivalent scan lines) and thus detectability of
a specific object in a scene does not change, assuming preamplifier is noiseless
and is not causing a loss of resolution sensitivity. The assumption of a "noiseless"
amplifier is also valid when the light level is high encugh to require a large image
orthicon beam scanning current, since the beam current for best performance is
large (higher light level’. Thus the I.O. noise voltage at the preamplifier input is
much greater than the equivalent preamplifier noise at the preamplifier input.

Overscanning will give a detection improvement (will require l¢ .- light to
see the same object) with a practical ''noisy'" amplifier at very low light lcvels,
since the best performance beam current for overscan is larger than the best per-
formaace beam current for standard scan for the same photocathode image. Th <«
a high performance 1.0.system with a low noise figure video preamplifier will siow
less detection improvement when overscanned, than a system that has a higher nois
figure video preamplifier. Some test results have shown a detection improvement
at low light levels (equivalent to 100 to 200 vertical TV lines of resolation at 1007
contrast) if the [.0. is overscanned. There is a potential problem of large video
signals when the beam strikes the metal ring that holds the target. Overscanning,
since it covers the complete "target" area or more, will display on the monitor &
larger beam scanned area, equivalent to a larger field of view; thus an object will
appear smaller (a decrease of object magnification).

Underscanning, of course, will give an object magnification with corres-
ponding decreasing of the field of view displayed on monitor.

Regarding object magnification, a similar viewing effect is noted when us-
ing larger or smaller monitors to display the same scene or to view the same moni-
tor at further or closer distances. There is a fall-off due to frequency response
when viewing scenes with 200 TV lines or more as noted in Figure II-32A which
should be recognized when evaluating performance for higher resolution, but since
are talking here of minimum detection (low resolution seeing) we have disregarded
this effect.

The above disrussion is further effected, and improvement will he less
under condition of less than 1007, contrast at low light levels as a quick reference
to the 5 contrast curves Figure I[-32B will reveal' The low light level limit is set
hy the sensitivity (quantum efficiency) of the photocathode (5-20 being the best to
date) and the noise in the scanning beam used to read the target charge.

The higt .imit of resolution possible with the G. E. thin film MgO Image
Orthicon is well over 2000 lines per "target" inch. The maximum resolution of a
system is limited by the optics or the photocathode resolution, provided there is
sufficient light anu contrast and that beam current, scan pattern, bandwidth and
electronic circuitry is not limiting first, as is often the case. See Figure II-33 A
and B The ultimate resolution is, of course, limited by the average intensity
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Figur~ II-33A. Normal Scan 1029 Line Full Scan

Figure 11-33B. 4 to | Underscan with 1029 Lines: Moons have Increased
in Size, Hence Resolution was Exceeded Earlier; Probably at
Approximately 2 to 1 or 3000 Lines

Figure 1I1-33. An Example of Underscanning of 1. O. for Increased
Resolution — Jupiter and its Principal Moons, 1029 Line Scan
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(flux) per line and the conirast hetween line and background. However, special techni-
ques are needed to demoustrate and/or utilize this resolution as there are no availa-
ble kinegcopes (monitor picture tubes) that will display much over 1200 lines per
inch equivalent. The 5" oscilloscope CR tubes sucn as the 4915 are the only possi-
bility, unless the resolution is used over only a portion {underscanr ag the :.0. and
then dirplayed across the full monitor) of the ii=zld nf view,

b. Iilumination Range - Contiruous Scan ~ Distnbuted Object or Atea

(Scenes)

The range of scene brightness that can be handled depends on opera-
tional settings. It is possible to adjust for —ery close to maximam low light level
sensitivity and, without change of settings, view distributed scenes with illuminations
increased approximately 109 times (if the amplifier is properly desigsed) without
streaking or appreciable loss of resolution (400 lines), primarily lost because of
image spreading. More data are needed here to plot a complete resolution versus
scene illumination curve, being careful that lens response is not limiting.

c. Resolution/Sensitivity Unresclved Object (Point Source) Scenes

(non-moving sources)

Very little data has been herei>fore published except for the G. E
Photo Electric Observatory Reports by J. F. Spalding on the performance of the
G.E thin film MgO Image Orthicon applied to light level scenes having unresolved
(point source) star objects. The treatment of various brightness point sources and
resolution/sensitivity for various background (sky noise) levels versus number of
scan lines, scan period, bandwidth, integration times, etc., is quite complicated.
Basic tc the discussion is an understanding of the environment and target conditinns
(see Section If) and the lens or optical parameters involved (discussed in detzil
in Section II-A.

Important to the understanding of the image orthicon are the conditinns
of steady state, beam noise, reciprocity, and the effect of integration within the
image orthicon and external to it (eye integration of the moniter display).

The resolution sensitivity vs scan lince relationship for extended ob-
jects in general holda for point source scenes. However, since poiut suurces may
be smaller than the scene line resolution, the celestial scene has a high required
resolution and two close sources will be separated below what night be predicted.
The difference is sinull and the sensitivity improvement with fewer scan lines holds
as with the distributed scenes, provided (1) the hrpersensitization condition docs
not exist and (2) that sky background leve: per resolution element is not setting the
detection level.

Detection of point sources is a matter of signal to backyround noise
per resolution element as explained by detection anulysis. Since the resolution
element size i8 a function of numbers of lines of scan and bandwidth used, then we
have a trade between this and the resolution’/sensitivity of the tube itself. The
limit to be gained is set by the noise in the resolution element, since the Jens dia-
meter and focal length can vsually be gelected 3u that the desired performance is
attained. In the aerospace situation, the background light may be the limiting con-
dition rather than the tute resolution/sensitivity performance, and thus, increasing
the number of lines (smaller resolution elements) and larger bandwidth
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usually means a gain in overall system performance. For longer focal leungths and
large f/numbers, as in high resolution narrow field astronomy however. this might
he reversed since the tube and/or electrouic noise might be limiting. Each case,
therefore. must be analyzed according to its own requirement if a satisfactory ap-
plication is to result. Of course, we could compromise, if target rates permit, by
using more scan lines together with slower frime rates to avoid increasing band-
width and thus obtain maximum increase in performance.

For normal continucus scan operation, and a given scene contrast
level, intcnsity varies with integration time. However, for the celestial nack-
ground and pulse operation this can not be extrapolated directly without considering
other aifects tha! may introduce a bias in performance data.

Many curves can be drawn to show the trade of resolation element size
and hackground vs focai length, sensitivity vs aperture, limiting magnitude vs aper-
ture for different integration periods. For a sample, see Figure II-34 showing resc~
lution element size and background brightness increases vs focal length. Since each
application generally requires a complete set of calculations and/or experimental
checks, we have included only the more frequentiy used curves. From the discus-
sions, the remaining necessary conditions can be calculated.

d. Paulsed Mode

The characteristics of the MgOlmage Orthicon tubes permit increasc:d
sensitivity hy longer integrationtimes, thuslarge optics are not necessarily necded.
As previously discussed, the ability for storage and integration reciprocity leads to spe-
cialapplications and studies where stationary or nearly stationary scenes are involved.
(Moving targets detection is limited to the energy received per resoluiion elementsize
integrated oniy for dwell time withinthe element and the time response of the 1. O, tar-
get.) Data takenduringthe pastfour years at Scheneetady and Syracuse has establishen
that reciprocity will exist under the conditions defined. Thus, it is only necessaryto
determine what performance (star magnitude) can be obtained with a given exposure
or integrationtime and trade time for intensity or lens diameter to scale to other val-
ues, The following table gives typical gains when using 2 frame readout. See Fig-
ures I1-36 & 37 for pictures illustrating actusal performance using Oriou Nebula,

In determining reciprocity and performance it is important to vealize,
when 2ye viewing a monitor, that the eyc is integrating for 1/5th of a second. Thus,
the integration period is not the scan frame period (1,60, 1/30. ox 1/15 sec as com-
monly used) but rather the 1,/5th sec eye integration time, since it effectively is
integrating 6 scans on menitor in the case of 1/30 sec {rame time. If a photograph
of the monitor is taken, the number of frames registered cn the monitor during the
film exposure, times the frame period. should be used for the integration time.
Here several frames are often used to get the sufficient Jight time {or adequate film
rxposure; rememering kinescope resolution is better at low in‘ensities (less image
spreading or monitor phosphor)

There is A linearity limit of integration time which cannot be exceered
withou clipping  This clipping oceurs whcn the positive chorge in any targ:t area
exeereds the positive voltage of the target mesh (the target voitage control is actually
the target ~ mesh voltnge control). If the target voltage (propertious! to in.ensity
Limes integrationtime does 1 xceed the iorget mesh voltage, the cecandary elertrons
dus to photrcathode curcent ace not collected by the targaet mesh and are returned
to the target to mask the image chazge. Another way of viewinyg this problem is to
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f. Readout Techniques (I.0. Tube)

When pulsing (using integration or short exposure) the choice of num-
ber of readout scans is also considered. Here scanning with a low beam current
(low shot noise) can be used many times, or one scan of higher beam current could
be used. The choice is a matter of the application. For instance, if good intensity
(magnitude) calibration were desired on a single still scene, one could use very low
beam current and take many scan readouts over a period of time, taking a film
record of the monitor {for each scan. This way at first all stars including the faint-
est would show, then next faintest would disappear and so on, until the total beam
current used would have discharged the brightest image. This technique provides

an accurate calibrsiior of brightness and avoids the laborious film reading techni-
ques of the past.

It is of little use in an aerospace surveiliance system since a relatively

long time is spent in reading out and getting the I. O. target image discharged; thus,
moving obiects would be missed completely. For the latter case, one simply uses
more beam current and thus accomplishes the target image discharge in one or two
scan cycles set by the requirements of object movement. Every object is still read
out, but the intensity gradient is less and thus the relative brightness is not easily
measured; the beam current is higher so the weaker targets are harder to distin-
guish due to the higher beam (shot) noise. For most aerospace problems, the trade

will probably be between one, two, three or four scan readout cycles, depending on
the application.

The trade of one vs two or more scan readouts per exposure of photo-
cathode may be set by the film being used to photograph the monitor. Two 3cans
of lower beam have, in theory, the same performance of one scan of high beam as
far as signal detection is concerned (the lower shot beam noise of two scans equals
the higher noise of one scan), but two scans will give more monitor integrated light
energy for the recording film. (For pulsing, the eye would not be expected to be
iseg), especially for integration periods longer than 1/8th sec) because the time
fir readouts accentuates the flashing readouts t%o theaye viewer.

g. Sensitivity o Moving Point Targets

Sensitivity to moving point targets creates a problem, in that sensiti-
vity seems to have been lost. Actually no sensitivity has been lost at all! This
depends on how sensitivity is defined. The performance is set by the integrated
effect of source energy (its strength and the length of time the souYrce energy can
. charge a single or adjacent resolution element) coupled with the 1.0. target re-

' sponse time at that light level plus monitor and eye or film integration time. Thus,
for very slow or stationary sources, the performance is set by the accuriulated
integration time within the system (1/5th second eye integration or readout system
integration time if not a human eye). With faster moving targets, the composite in-
tegration time (charge accumulated per 1. O. scancycle X number of scans integrated)
is progressively less until little or no accumu;ated charge exists for integration.
The reeponse times for the 1.0. "Target" (sensing surface) to reach steady state
readout are about .050 sec for mederate light levels to about 0.3 or 0.4 seconas
for the low light detection limit sensitivity.

When using large {/ratio optics, continuous operation viewing a star
field with no photocathode integration sometimes gives erroneous conclusions. The
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f.  Readout Tecnniques (1.0, Tube)

When pulsing (using integration or short exposure) the choice of num-
ber of readout scans is also considered. Here scanning with a low beam current
{tow shot noise) can be used many times. or one scan of higher beam current could
be used. The choice is a matter of the application. For instance, if good intensity
(magnitude) calibration were desired en a single still scene. one could use very low
beam current and take many scan readouts over a period of time, taking a film
record of the monitor for each scan. This way at first all stars including the faint-
est would show, then next faintest would disappear and so on, until the total beam
current used would have discharged the brightest image. This technique provides
an accurate calibratiorn of brightness and avoiris the laborious film reading techni-
ques of the past.

It is of little use in an aerospace surveiliance system since a relatively
long time is spent in reading out and getting the I. O, target image discharged: thus,
moving obiects would be missed completely. For the latter case, one simply uses
more beam current and thus accomplishes the target image discharge in one or two
scan cycles set by the requirements of object movement. Every object is still read
out, but the intensity gradient is less and thus the relative brightness is not easily
measured; the beam current is higher so the weaker targets are harder to distin-
guish due to the higher beam (shot) noise. For most acrospace problems, the trade
will probably be between one, two, three or four scan readout cycles, depending on
the application.

The trade of one vs two or more scan readouts per exposure of photo-
cathode may be set by the film being used to photograph the monitor. Two scans
of lower beam have, in theory, the same performance of one scan of high beam as
far as signal detection is concerned (the lower shot beam noise of two scans equals
the higher nuise of one scan), but two scans will give more monitor integrated light
energy for the recording film. (For pulsing, the eye would not be expected to be
used, especially for integration periods longer than 1/5th sec) because the time
between readouts accentuates the flashing readouts to the eye viewer.

g. Sensitivity ‘o Moving Point Targets

Sensitivity to moving point targets croeates a problem, in that sensiti-
vity seems to have been lost. Actually no sensitivity has been lost at all! This
depends on now sensitivity is defined. The performance is set by the integrated
effect of source energy (its strength and the length of time the source energy can
charge a single or adjacent resolution element) coupled with the I.0. target re-
sponse time at that light level plus monitor and eye or film integration time. Thus,
for very slow or stationary sources, the performance is set by the accuniulated
integration time within the system (1/5th second eye integration or readout system
integration time if not a human eye). With faster moving targets, the composite in-
tegration time (charge accumulated per 1. 0, scancycle X number of scans integrated)
is progressively less until little or no accumu:ated charge exists for integration.
The response times for the 1.0. "Target'" (sensing surface) to reach steady state
readout are about .050 sec for mederate light levels to about 0.3 or 0.4 seconas
for the low light detection limit sensitivity.

When using large {/ratio optics, continuous operation viewing a star
field with no photocathode integration sometimes gives erroneous conclusions. The
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faintest star that can be detected with the eye integration time of 0.2 seconds some-
times takes more than 0.2 seconds to appear on the monitor when the lens is uncap-
ped or the optics is moved to a new field of view. This means the effective integra-
tion time for minimum detection intensify can be greater than the eye integration
time and the sensitivity for this low intensity is decreased, due to the increased
integration time required for detection. The cause of this increased integration is
the non-linear beam landing characteristic, if the photocathode intensity in one area
is Jow, withan associated b%lghtly positive target voltage, uot muchbearn current will
land and this area will have alarger target voltagefor the second scan, which will caus
moretarget "landing' current, andthis ''bootstrapping' increase of target voltage char
inthe "dark' area willincrease for a non-movingtarget until an equi!ibrium cxists be
tween the photocathode current positive charge (due to secondary emission) and the neg
tive charge left by the scanning beam. Thistime to reach equilibrium, the "time con-
stant” of beam landing, Lastobe considered with low intensity moving objects. The o~
way to decrease this effectis to add a uniform photocathode illumination (use a faster
optics to collect more sky background) or ma’ke the scanningbeam monochromatic. Ur
less the sky background is very dark, experience has shownthat anf/1. 0 optics will
collect enough background to make the ""time constant’ of eye detectable objects 0.2
seconds or iess.

Accumulated ch (rge - integration time curves or loss of sensitivity vs
rate can be drawu for various conditions with different ordinates. But since each
case should be checked specifically, we have avoided general curves with their -
maerous exceptions and variances from system to system.

h. Image Size (Point Source) - Target Spreading

The size of an imnage of point source reproduced by anI O. tube and
equipment depends on the intensity of the source. The minimum size of an image is
nerally two or three scan lines; though occasionally, if excellent lens qua'‘ty an.

foous of the lens and 1.0. tube are combined with stable conditions of atmos-~

pheric seeing, a detected image size of 1 line can be achieved.

Except for the faintest (or nearly faintest) images, the beam will sup-
ply maximum target change as it crosses an image; therefore, the image grows or
spreads until it is large enough for the maximum beam landing current, integrated
over this size, to discharge it and maintain a steady state condition. Thus, except
in the case of the faintest image, there is little recognizable beam intensity modula-
tion (as was the case of distributed scenes defining grey levels) but rather simply
pulse width modulation. This leads to use of various noise reduction schemes,

.such as pulse width discriminators, reduction of bandwidth, and line to line correla-

tion schemes.

The extent of the image size versus intensity varies with the settings
of the [.0. target bias voltage and beam current deternining the actual slope.
Typical values of image size¢ in terms of number of scau lines are 2 lines plus 1 to
1-1/2 lines per stellar magnitude less than the minimum detectable magnitude.
(The 1 to 1-1/2 variation can be controlled by beam and target settings as noted.)
The extent of field occupancy is set by totaling the number of stars of each magni-
tude times the spreading at that magnitude, from the detection limit magnitude and
all smaller magnitudes. For a 16th magnitude detection limit about 5 to 20% of a
80 x 39 %jold of view will be unavailable for target detection, because of image
spretd. The 0% %o 30% variation depends on the portion of the sky that is viewed.



Typical capability for handling a wide range of intensities by variation
of target and beam settings is clearly illustrated in Figure 1I-37 when 15th-16th
Magnitude Nebula light is clearly evident and the 4th magnitude stars are not overly
large (in fact as displayed with less spreading than in Figure II-36 where only 13th
mag sensifivity is being attained but with different target and beam setting) .

i. Image Orthicon Focus Requirements

It can be shown from the detection analysis of star images that good
focus is required for best detection. This is easily seen when adjusting an image
orthicon chain: nothing can be seen until optical focus, image foc''s (photocathode
to target), and scanning beam focus (magnetic external and electrostatic internal)
are very close to their correct values.

Most of the measurement work on the variation of detection with focus
has used spread object test charts, where detection has been evaluated by plotting
the change of aperture response with focus. Aperture response is the relative spa-
cial frequency transfer characteristic of an image tube electrical output using a
variable spacial frequency, constant light intensity, repetitive pattern optical input.
It shows-how the equivalent beam modulation is changed (decreased) by a decrease
of image size (increase of spacial frequency), which makes detection more difficult.
A 10% loss of aperture response will result in a 10% loss of spread object detection.
A 10% loss of aperture response will result in some loss of point object detection;
but the exact loss is not a direct function of aperture response. A typical Sine Wave
image response is shown in Figure I7-38.

To achieve good optical focus the image orthicon and optics have to be
rigidly mounted so there is no relative movement between them. Table 5 shows the
voltage and current regulation required to guarantee a maximum aperture loss of
10%, using a standard TV scan and evaluating the aperture response at an equiva-
lent frequency of 8§ Mc (400 TV lines).

Table §. Required Focus Regulation.

Variable % Regulation for 10% Loss of
Aperture Response at 400 TV Lines

\'
Phof:;a?ode VPC Ratio _ 1%
ge G6
™Magnetic Beam Focus Current 0.1%

Electrostatic Beam Focus (V 0.2%

Ge)

One other focus detection loss is due to the interaction of the time vary-
ing magnetic fields, used to deflect the scanning beam, with the stream of photo-
electrons that makes the target image. This interaction causes image defocusing.
The improved magnetic shielding of new ''color TV’ image orthicon yokes give an
aperture response improvement of 40% at 400 TV lines frequency (5 Mc).
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j. Interlaced Versus Non-Interlaced Scarming

The question of interlaced versus non-interlaced equipment scanning
involves several choices. Both, in theory, will perform equally as to sensitivity,
resolution, etc. However, due to spreading, stability, and circuit linearity, non-
interlaced scanning will be more satisfactory and practical for research and experi-
mental work -- especiaily, if image cancellation and similar techniques, where lin-
earity is to be a factor, are to be studied. Some flicker will be apparent if using a
P-4 phospor monitor tube. However, from experience at the Schenectady Observa-
tory, it is not objectionable and is offset by its advantages in selecting film record-
ing equipment. Practically the only reason to use an interlaced scan is to tie ip
with 2 commercial TV network or to use unmodified commercial monitors'

k. Under Scan - Electronic Zooming

Underscanning is a form of electronic zooming; i.e., we can scan less
than the usable area of the I.O. target and display area scanned on the full monitor
view. By varying the amount of area actually scanned, we have electronic zooming.
Unaerscanning, for long periods, will not harm thin film MgO I.0 tubes (this is not
true for glass target 1.0.'s). The resolution/sensitivity, of course, changes as
explained in earlier paragraphs, but normally with sufficiently lighted scenes, the full
advantage of 2 to 1, or even 3 to 1, zooming, can be realized proVvided light level
or exposure time is properly adjusted. Figures II-33A & B illustrates 4 to 1 under-
scan while looking at Jupiter and its four principal moons.

1. Field of View (angular)

The total angular field of view of a lens system with a given focal length
is limited by the required corrections of the lens aberrations, which thus determines
the useful sensor element size (frame size in case of camera film detector surface
or photocathode gize, in case of electrical sensors). Thus aberrations and poor
definition are introduced if larger fields than the designer plenned are attempted with
the same lens.

The calculation of field of view is based on focal length and dimensions
of the sensor size, with the sseumption that the lens is corrected for the size selec-
tod (less than maximum sise specified by the designer).

I. 9
< I >
U d FiL
6 = 2tan ' 5= A
2FL
I B

=F

If we avoid large fields of view (where the arc tangent varies from
linear conversions) we can use the simplified :xpression: the angular field of view
in radians per unit length of sensor surface is equal to the inverse of the focal
length. Converting to degrees this becomes

57.3xd (inches)

8 (degrees) = ¢ ol length (inches)
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For 1.55" diagonal photocathode surface of the 3" Image Orthicon this becomes

57.3x1.55 _ &9

6 = FL ~ FL (inches) dia,sonal degrees

This is plotted in Figures I-39A and B.
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Figure I1-39A, Field of View vs Focal Length, Short and Medium Focal Lengths
(1 to 100 inches); Max (1.559) Effective Diagonal On Photocathode; Multiply by
.707 for Square Faster; Multiply by .6 and . 8 for 3 X4 Aspect Ratio for 3"
MgO Orthicon Normal Scan

m. Fiber Optics Faceplate Tubes

G.E. has a group of Fiber Optics faceplate tubes for those applications
requiring the focus plane at the external surface. The fiber bundle limits resolution
to approximately 870 TV lines per inch of photocathode, and limits the input area to
1.5 inch diameter.

Use of a Fiber Optic coupling system avoids some of the losses in-
herent in conventional Optical Lens coupling and provides a new flexibility with the
optics. Whenever a camera tube can be closely coupled with the object to be viewed,
a fiber optic faceplate tube should be considered as the optics may be simplified or
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. 707 for Square Raster; Multiply by .6 and .8 for 3 x4 Aspect Ratio for 3"
MgO Orthicon Normal Scan

even ehminated in some cases. Applications include devices with fiber optic type
outputs, such as flexible fiberscopes, intensifier tube coupling, radiation scintilla-
tors, and complex fused fiber optic shapes. Other applications include front sur-
free reading such as photograph film or printing in close contact to the faceplate
without any lens system.

n. Scanning Period - Bandwidth

The choice of scanning period varies with application. If viewing a
monitor is of utmost concern then the time honored 1/30 sec interlaced scan of
commercial TV is hard to beat. In military applications, viewing is generally only
a "monitoring' procedure and can be provided by special means, in order that the
scanning period and format can be tailored to the system integration time require-
ments. For instance; if the integration period is i/2 sec a non-interlaced raster
(even with a large number of lines) will still keep bandwidth requirements low. Ad-
ditionally slower scanning means less target gpreading (physical area) hence higher
resolution for separating objects, and less total field occupancy, therefore, a higher
probability of detection sinc2 more time and space is available to find the target of
intercst.
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Bandwidth is gznerally selected so that horizontal resolution is equal
or more than the vertical line resolution.

Resolution is not always a function of bandwidth. it may be, as men-
tioned earlier, limited by the I. O. photocathode resolution, the i.0O. target, the
1.0. beam diameter., or the monitoring tube beam or phosphor size) if this is the
readout, or input-limited by the atmosphere or lens resolution.

b. Video Frocessing Techniques

The primary concern :i video processing is to extract useful information
by a combinatior of equipment and techniques and present it for viewing or data
processing.

The output of the sensing device is generally amplified with circuits de-
signed especially for emphasizing and/or extracting various features and detail
information. The type and extent of video processing applied depends largely on
the application.

Ordinary TV and industrial TV distributed scene viewing usualiy needs:
good grey scale, low noise, high and low frequency peaking, gamma correction,
aperture correction, horizontal and vertical shading, in addition to the usual bright-
ness and contrast control.

Detection of objects in a celestial environment does not need grey scale
but rather high sensitivity (low noise - high gain), high and low frequency peaking
"contrast enhancement' techniques, especially when using higher f/number reflec-
ting optics. Horizontal and vertical shading is generally not needed as tube uni-
formity is generally good and thus can be illuminated to keep circuit noise and pick
up problems to a minimum. Some cloud discrimination is possible with proper
video processing.

High resolution of objects. lunar scene viewing and mapping, missile
launch monitoring, etc., requires higher resolution, more TV lines and slower
scanning to minimize bandwidth requirements, high sensitivity (low noise - high
gain), adjustable high and low frequency peaking and in some cases extensive use
of "contrast enhancement" techniques.

Moving target identification involves a combination of many processing
techniques to cover the host of conditions imposed by varying target rates and sky
background conditions. Monitoring for eye viewing requires reasonable scan frame
rates (similar to commercial TV but not necessarily as fast). Non-interlace does
give flicker, but this is not objectionable for monitoring only purposes. When
slower frame rates are used the longer persistant phosphors such as P-7 should
be used to ease the strain on the operator's eyes; for very slow rate use memory
display tubes or film read out.

The P-7 does not, as commonly believed, limit the resolution attainable
for viewing. We have been operating a P-4 and P-7 .onitor side by side for over
a year (including photographing) with similar (800 line) resolution attained on both.
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1. Monitor Recording

Film recording of information displayed on 2 CRT Oscilloscope or TV type
monitor are much the same except of the size of viewing tube. Where serious re-
cording is intended the 5" CRT and scope camera should be used, as higher resolu-
tion tubes and greater precision is generally available as well as more phouphors.
Besides matching tube and film, the rates and periods as well as other details of
the application are inportant if satisfactory results are to be expected.

The characteristics of tube and application includ

1. Sweep or writing raics, recyecling perind. no of scans to be filmed,
per film picture.

™o

Spot size of the writing trace.
The decay rate of the CRT phosphor.

=W

Brightness and contrast in CRT picture (beam current and voltage of
CR Tube).

5. Spectral emittance of the phosphor used in the CRT screen.
The film characteristics include:

Film spectral sensitivity.

Film speed.

1
2
3. Reciprocity and other exposure characteristics.
4. Graininess and transfer characteristics.

5

Contrast and density range (grey scale).
6. Developing and printing procetures.

Th final selection shoulc be checked with actual tests for practical and
satisfying :sults.

Table I summarizes the most common phosphors used for photographic
recording and Tables II and I1I show the relative speeds of different phosphor-film
combinations, with different developing times. From the above note that a P-11
CRT with Photoflure (green) Cineflure or Linagraph ortho are very good for fast
work: Tri X for ormal work and Photoflure (blue) for very fast. For more de-
tails refer to Kodak Data Book #P-37 on films for CRT Recording (available thru
Kodak dealers).

2. Standard and Non-Standard I.0. Chain Processing

For the purposes of this section some of the various processing techniques
ave defined and hriefly outlined. It is not the intention here to develop design de-
tails but rather to serve as an introduction to the possihilities of processing. The
application section deals with some of the combinations of features needed for speci-
fie requirements and the trades to be made.
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Table II. Relative CRT Speeds* of Kodak Films

Normal Development: 4 minutes in Kodak Developer D-19 at 68 F (20 C)

Phosphor P11 P4 P15 P16 P24

Photoflure, Blue Sensitive 2400 180 60 200 83

Photoflure, Green Sensitive 1800 500 250 130 240

Cineflure 1800 500 250 130 240

Linagraph Nrtho 1800 500 250 130 240 if

Royal Ortho (sheet) 1000 250 130 80 130 3

Linagraph Pan 900 320 120 82 120 1

Tri-X Negative 90 320 120 82 120 i

Linagraph Shéllburst 500 180 60 48 73 ¥ ~

Eastman High Speed Positive, Type 5305 360 51 25 45 2% { s

Royal-X Pan Recording** 320 150 65 23 47

E2stman Television Recording, 100 11 5.2 7.5 5.2 :
Type 5374 and Type 7374 5

Eastman fine Grain Release Positive, 35 4 2 6 2 4 y
Type 5302 and Type 7302 )

Kodalith Ortho, Type 3 32 5 : 5

High Contrast Copy 20 12 6

*Measured at a density of 1.0 (net) and relative to the speed of 100 assigned to East-
man Television Recording Film, 'Cype 5374, when exposed tc a P-11 phosphor and

developed in Kodak Developer D--19 for 4 minutes at 68 F (20 C,.

*+ A greater speed advantage will be realised if Kndak Developer DIK-50 (s used. |

.

#
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Table I11. Relative CRT Speeds* of Kodak Films

Lxtended Development: 15 minutes in Kodak Developer D-19 at 68 F)

P24

fhosphor P11 Pl6
Royal-X Pan Recording 6300 600 1200
Pho;oflure, Blue Sensitive 5400v 500 22(;-
Cineflure 4100 250 366
Linagraph Ortho 4100 250 360
Royal Ortho- (sheet) 3900 220 400
Tri-X Negative 2600 200 370
Linagraph Pan 26090 200 370
Linagraph Shellburst 2400 190 260
Eastman High Speed Positive 630 82 25
Eastman Television Recording, 250 19 14

Type 3374 and Type 7374

*Measured at a density of 1.0 (net) and relative to the speed of 100 assigned to

Eastman Television Recording Film, Type 5374, when exposed to a P-il

m and developed in

s
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a. Aperture Correction

Aperture correction is used to accentuate rapid transitions from black
to white or white to black. It helps to sharpen the picture. It is accomplished by
providing an increase in gain with increase in frequency (usually 0., db or 0.6
db/mc).

b. High and Low Frequency Peaking

Low frequeacy ~ high frequency peaking is used to obtain a video am-
plifier with a flat response uver wider frequency range than would be obtained in a
straight video amplifier. g ‘

Often the peaking is adjustable to permit variations such as over peak-
ing the lows and/or highs (usually the high as the latter accomplishes in part a modi-
fied form of aperture correction).

¢. Gamma Correction

Gamma correction is used to ccirect black compression in the moni-
tor picture tube (monitor). It is used where scene viewing (studie and outdoor
sports) displayed c. a picture tube is the prime concern as in commercial TV and
industrial TV. It is of questionable value in low light level military scene applica-
tion and is not needed for applications involving point sources (celestial background,
etc.).

d. Shading

Horizontal and Vertical - is primarily needed where non-uniform
image orthicons are useful, It is useful only if the non-uniformity increases
(or decreases) linearly from left-to-right, up-to-down when only sawtooth shading
is available. Scene non-uniformity or tube non-uniformity not varying nearly lin-
early or on a simple sawtooth curve would require too many versions of circuitry to
be practical and is thus not used. The uniformity of the G. E. thin film MgO 1. O.
tubes is generally excellent and thus good electronics are used shading circuitry can
be eliminated for nearly all applications. (For studio work it is also used to correct
for non-uaiform lighting. ) Elimination means much less chance of unnecessary pick
up and noise being added in the video circuits.

0. SceneA. G. C.

Automatic Gain Control feedback in the video amplifier can be used
for two purposes. ‘The first is to control video gain to reduce chance of video sat-
uration on larger signals. The second allows correction for poor (variable) shading
where signal level is involved. The choice of filtering in the feedback or control
function is optimized to the type and extent of correction desired. Generally slow
in relation to bandwicdth but faster than a single line of scan (perhaps 1/10 to 1/3 of
scanning frequency).

f. Iris Control

Thin film MgO Image Crthicons can handle (without adjustment) from
10, 000 to 100, 000 light intensity range without serious effects, provided the
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electronic chain is not limiting the performance. Where light ranges greater than
this are to be encountered then some form of iris control of the lens or optical por-
tion of the system should be provided. This can be manually set or automatically
controlled. In the latter case the automatic control signal may be developed from
separate detection sources (light meter type operation) or by monitoring the image
section of the 1.0. and using this as a means of iris control. Iris control can also
be accomplished by short pulsing the 1.0. photocathode and thus eliminating the
lens iris and associated control. See Section II-C-1-a-5-e.

g. Underscanning

Underscanning the 1.0. target has been discussed in Section II-C-1-a-
5-k on 1.0. operation. In summary it provides a form of zooming, thatis, only a
portion of the total scene is scanned and displayed on the full monitor viewing area,
thus presenting a '"close-up" of that portion of the scene. Since the G.E. thin film
MgO I.0. tubes have a high resolution capability (2000 lines or more) a three or
four to 1 underscan is possible with an apparent gain of resolution, using 525 to 1629
line scanning. (This of course is only true if the optics, scene, brightness and/or
the atmosphere or environment, has the extended resolution capability.) The MgO
tubes can be w1 ferscanned for reasonably long periods without damage or perman-
ent "'picture framing" (though sometimes it will take a few minutes before the ef-
fect disappears depending on the extent of the after image effect on the particular
tube in use). With underscanning in a celestial background the beam current should
be reset to maintain maximum performance.

h. Overscanning

Overscanning the I.0. tube is generally done for one of two reasons -
The first, as an aid in equipment set up, adjustment, etc. The second; to have
fewer scan lines which may result in improved resclution sensitivity with very low
light levels.

3) Video Processing of Point Objects

The analysis of detection or image signal to noise ratio compared to elec-
trical signal-to-noise ratio shows that an electrical signal to noise retio equal to
the detection signal to noise ratio can be achieved if;

1. X lines of point image spread are added by RF or video delay lines.

2. X resolution elements are added by a suitable decrease of vidco
bandwidth.

3. K scans equal to the iniage integration time ure added with perfect
registration between individual scan images.

It ia difficult to add X lines of video information without some bandwidth
loss and variable delay misregistration. ‘The signal processing techniques of radar
(VICI, etc.) can be used with increase: system complexity, including a frequency
transfer of video to same video modu. :ted R} frequency and a determination of
horizontal scan frequency from the RF circulution line delay. The valuc of X
(number of circulations or number of video delay lines) is usually determined by
the line spread of the minimum detectable signal. And this line sprea? is a func-
tion of the beam current adjustment and the background intensity of th2 specific
field of view. Ususlly X is assumed to be 2 or 3 for the minimum detectable signal.
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The technique of resolution element addition by decreasing bandwidth can
be easily accomplished, and has been proven effective when using a storage tube
temporary catalog of a star field.

The integration of K scans can be accomplished, in theory, by target charge
integration or pulsing. In other words, a single scan readoff at the target charge
pattern after a non-scanned photocathode-on interval of U.2 seconds (K of 6 for 1/30
second scan) should result in the same image detection as continuous operation of
the image orthicon with eye detection using monitor viewing. There are limits of
integration time, sky intensity, and optics diameters and focal lengths that cannot
b~ exceeded because of excessive target charge "clipping''.

One method of overcoming the scan integration problem is to add suceeusive
scans on a storage tube in the "write"" mode, and "readoff" the integrated total of a
number of scans.

An equipment problem that the eye automatically solves is "stationary”
noise, or 1lat field nonuniformities of electrical output. Since these nonuniformities
are stationary or repeat from scan to scan. one method of getting rid of them is to
write the electrical scanned output of a uniform illumination input on a storage tube,
and subtract the storage tube readoff signal from succeeding scanned outputs of an
image. on a point by point basis. This results in an increased system complexity.

Another method of cancelling stationary noise is indirect in theory but does
not :sult in increased system complexity: most stationary noise is equivalent to
a large image size with low equivalent video frequencies, and surveillance systems
require electronic detection using peak detectors. so 2 peak detector designed to
work on bandpass video could accomplish most of the "stationary noise' processing
the eye does. This peak detector would look at video that has already passed through
a bandpass filter, or it would have a detection threshold that would foliow low 1re-
quency variations.

4) Noise Spectrum

An image orthicon is usually considered a very high output impedance cur-
rent generator, with a 10pf to 20pf capacity to ground output impedance. The two
methods used for achieving an overall flat frequency response both use a large 100K
load resistor as the preamplifier load resistance, followed by (1) peaking circuits
that give a rising voltage gain versus frequency past the input RC cutoff frequency,
or (2) to usc feedback to effectively decrease the equivalent resistance of the 100K
input resistor. In either method, the amplifier noise spectrum with zero beam cur-
rent, at a point vhere the overall signal frequency response is flat, will not be flat
Gaussian noise. The rms noise per cycle will be greater at the high end of the
overall video bandwidth, than at the low frequency end. If the image orthicon beam
current i8 increased until the complete video bandwidth noise is due to beam current,
the noise spectrum will be flat. A fairly good method of evaluating a specific image
orthicon premaplifier is to find the output annode DC beam current required to in-
crease the preamp noise by 50%. The better the preamp, the lov.er ihe required
output annode current for beam noise equal to amplifier noise. Unfortunately, the
beam noise versus DC output current, and output capacity, etc., of image orthi
cons vary enough so the same 1.0. tube has to be used to evaluate preamps.

To restate the effect of noise on eye image detection: when viewing a
"medium" spacial frequency repetitive pattern or point object, only the noise in
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the same spacial frequency region is effective in masking the signal. So for flat
spectrurn noise. the important variable is rms noise per unit bandwidth, and the
viewing eye is then considered a "bandpass' device. So the amplifier noise level
in the spacial frequency region of interest is more important than the overall video
bandwidth amplifier noise. And just as the eye adjusts to view objects of a specific
desired size, the electronic processing before peak detection can use a bandpass
filter to look for objects of a specific desired bandwidth.

5) Image Intensifier Orthicon.

The image intensifier orthicon (IZO) incorporates an image intensifier sec-
tion ahead of the conventional image orthicon. The intention is to get the sensitivity
of the image converter with the advantages of image orthicon - electrical {scanned)
output'

2 The published curves of low light level performance of the presently availa-
ble 1°O $-20 tubes show that the best tubes require about 1/4th (300 line resolution)
to 1/10th (100 line resolution) of the scene illumination necessary for equivalent
nerformance of the thin film I.0.'s. Thus, for low light level surface scene sur-
veillance not requiring more than 400 line resolution, the I20 has a definite sensi-
tivity advantage, though the circuitry is more extensive.

In its presently available form, the 120 is limited to 400 lines resolution.
Thus, it may be background limited because of increased resolution element size.
Also, the resolution ability to separate point sources is limited to this 400 line
resolution. For these reasons the 120 requires a large focal length optict

Summing the differences:
1. Photocathode area is greater for 120 (requires more glass for same

f/ratio)

2. Less beam landing probiems (has more pre-'"target" light amplifica-
tion).

3. 120 has more scatter; therefore, lcss contrast.
4. From Parton(10); measurements for less than 400 resolution lines/
picture width -
a. No object movement: scene intensity needed for 120 is approx.
1/10th intensity needed by 1.0. for given line resolution.
b. With object niovement: intensity 120 approx. 1/10 to 1/100
intensity 1.0. for given line resolution (this due to 2 above).
5. 120 limited to 400 line resolution plus an additional reduction in the
corners.

6. Requires long focal length lens (with associated small field of view)
to limit the celestial background per resolution element.

7. The 120 is subject to blooming and therefore further loses its appeal.
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2. CATALOG IMAGE STORAGE

All separation techniques that use single site relative movement between a
target and the celestial background require some method of image storuage. Some
operating problems and theory of operation are discussed; for electronic scanned
storage tubes, astronomical film, and electronic tape recording.

a. Electrostatic Storage Tube

This general description of operation cf an electrostatic image storage tube
with direct electronic readcut uses the Raytheon QK-6585 as a model. The theory of
operation would apply in general to other manufacturers electrostatic storage tubes.
A more detailed reference is Raytheon Technical Information Bulletin Number 142-I.
"A Survey of Recording Storage Tube Types' by Alvin S. Luftman.

Figure II-40 shows, schematically, the arrangement of the storage screen
and collector electrodes of the storage tube. The storage screen is a fine metal
mesh of about 1000 lines per inch. The side of the mesh facing away from the col-
lector plate, and toward which the electron beam is directed, is coated with a di~
eiectric material having a maximum secondary emission ratio considerably greater
than unity. Figure II-4] is the secondary emission curve of a typical material of
this nature.

COLLECTOR/QUTPUT ELECTRODE

——— " _STORAGE SCREEN
N DIELECTRIC SURFACE

BEAM
CURRENT
Figure 11-40. Basic Storage Tube Electrode Arrangement

Now if the electron beam is allowed to strike the dielectric surface at a
potential less than the critical value V¢, the secondary emission ratio will be less
than unity; that is, the rate at whicl: secondary electrons leave the dielectric sur-
face is less than the arrival rate of those in the primary electron beam. This
charges the surface of the dielectric in a negative direction, approaching cathode
potential as a limit. As long as the dielectric surface is maintained at a potential
higher than Vo, however, secondaries are emitted at a higher rate than the pri-
maries arrive, so the surface charges in a positive direction. On this basis, we
can explain the various operating modes cf the tube; see Figure I1-42.

In the "prime" mode of operation, the storage screen is connected to a

potential of about 20 volts, positive with respect to cathode. This is below the criti-
cal potential, so the dielectric surface charges in the negative direction until it
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Figure 1I-41. Typiecal Secondary Emission Curve

reaches zero volts, i.e.. cathode potential. A relatively large beam current (50 {+ 0}
is used to minimize the time required to reach equilibrium. Note that the dielectric
surface is now 20 volts negative with respect to the storage :creen mesh.

BEAM MODE STORAGE | DIELECTRIC
CURRENT SCREEN | SURFACE
20 V
sop2 | PRIME 20 v
ov
o WRITE 280 v
1542 300 V v
285 v
-5V
10 ! READ 15 v ¢
ov

Figure I1-42. Storage Tube Operating Modes

Switching the storage screen mesh potential to +300 volté with respect to
cathode places the tube in the "write"” mode. The dielectric surface is now at +280
volts with respect to cathode, which is near the maximum of the secondary emis-
sion curve. The electron gun bias !s switched nearly to cutoff and the video input
signal is adjusted to provide an aveiage current of a few microamperes in the writ-
ing beam. The surface of the dielectric is charged in the positive direction, more
or less, depending upon the video signal amplitude. The maximum highlight areas
correspond to about a five-volt increase in storage surface potential. After writing,
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then, the highlight areas of the surface are at a maximum of +285 volts while the
black areas remain at +280 volts.

To read out the stored information, the storage screen mesh potential is
dropped to about 15 volts. This puts the maximum highlight areas at zero volts
and the black areas at -5 volts. The apertures in the storage screen mesh now
serve to modulate the readout beam (about 10 La) as it swept by; that is, in regions
of zero storage surface phtential, maximum beam current passes through to the
collector while beam current is cut off in regions of - 5 volt po.ratial. It is seen
then that video output signal current is produced in the ccliector circuit; maximum
current corresponding to white, zero current to black.

Of course, in oraer for the operation to take place as just described, there
must always be maintained on the beam side of the storage screen an accelerating
field for the emitted secondary electrons, so that they will be drawn away from the
storage surface. If, as shown in Figure 1, no other electrode is present between
the electron gun and the storage screen, such an accelerating field would he pro-
vided by the electron gun anode which operates at +3500 V. The QK-685, however,
is provided with an electrostatic lens system following deflection and preceding the
storage screen. (See Figure II-43 for detail drawing). The purpose of this system,
consisting of two cylindrical Aquadag bands (L1 & I.2) inside the large diameter
portion of the glass tube envelope and a mesh electrode (deceleraior) preceding the
storage screen, is to bend the electron paths subsequent to deflection so they wure
normal to the storage screen. This results in more uniform storage screen opera-
tion at the expense of some deflection-defocusing of the beam. The decelerator
electrode is normally operated at +760 V. Since this is higher than the storage
screen potential during prime, write or read, the necessary secondary electron
accelerating field is always present during these modes.

POUS bEFLECTION YOKE
HaV
/ X
L '
b i 1 1+ STORAGE TuBE (N /COLLECTOR
___]ll 11 QK 685 Bh
v 1 L ol
I I
|
61 g2 A'A2
DEFLECTION STORAGE SCREEN
LENS 2
DECELERATION
LENS |
Figure 11-43.
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The inclusion of the decelerator elecirode, in addition, makes possible a
foux th operating mode {called the '"erase' mode) following the read mode and pre-
ceding prime. In this case, the siurage screen mesh is connected to the decelerator
potential and beam cursent is the same as for the prime mode. Since the primary
electron energy (+760V) is still above critical potential, all arcas of the dielectric
surface are rapidly brought to equilibrium with the decelerator and the storage
screen mesh; that is, the storage screen surface potential is brought to zero with
respect to the mesh. Complete and rapid erasure is thus attained, and the time

~ required to reprime the storage surface is minimized.

One operating parameter that is very important when evaluating storage
tubes is the time required for erasing and priming. For instance, the minimum
time between the last non-destruciive electronic readout of the stored image "a"
_ and the start of writing image '"b" is approximately one second for the QK-685.

One use of the storage tube, other than time storage of an image for sepa-
ration due to relative movement cf target and star background, is image integration
of a number of scans to give a signal to noise ratio improvement. This integration
can be accomplished with either analog (gray scale) or digital (on-off) video, writing-
on a number of scans, before reading-off the integrated sum of scans. It is neces-
sary to make sure that the dynamic range of the storage screen mesh is not exceeded;
if the maximum highlight "white' area of the screen is limited to plus 5 volis in re-
spect to the ""black’ screen charge, and 5 scans are to be integrated, then the aver-
age cathode current aml PG1 modulating voltage have to be limited so no area of the
screen is charged positive more than 1 wvoit per scan. This limiting is more easily
accomplished with digital on-off video.

b. Astronomical Film

The following discussion of astronomical film is brief; for a more detailed
discussion Kodak has a handbook P-9 " Kodak Plates And Films For Science And
Industry. "

For celestial work, Astronomical Plate Film Type 103a- ( ) is used al-
most exclusively. It is relatively slow (faster than Type 103) but offers good
"peciprocity"; that is, a linear trade of exposure (intensity) for time and vice versa
is possible over a wide range.

A summary of the charastétistics of Astronomical Film and other photo-
tants follow:

7 tiek Agigpmomical Film 103a-( ) is avatlable in the followiag:

wm Sensitizing Classes

163a-0 2500 to 5000X; Especially Valuable and  from 2500 to 46004
nearly flat

103a-J 2500 to 5500%; Especially Vulusble and  from 4500 to 55004
nearly flat

103a~G 2800 to 000ek; Especially Valusble and  from 4500 to 87004

nearly fiat



Spectroscopic Sensitizing Classes

103a-D 2500 to 6500‘3; Especially Valuable and from 45900 to 62004
nearly flat

103a-E 2500 to 6900A; Especially Valuable and  from 5500 to 65003
nearly flat

103a-¥ 2500 to 69003 ; Especially Valuable and  from 4500 to 68¢04
nearly flat

o

103a-U 2500 to 5000 & 6500-7600A; Especially Valuable and from 6700 to 74001:

nearly flat

Further data Type 103a-0O (fast Blue Sensitive Plates)

Illumination flux per unit photographic density at 4300X Radiation for 1 sec
exposure = 2/10 ergs/cm2, flux in ergs/cm2, for other wavelengths (\):
Ain K 3000 3500 4000 4500 5000 5500 6000 6500 7000

103a-0 9
Plates .2ergs/cm- .15 .18 .2 .6 60

Pan Chromatic

Plates .4 .2 .3 .4 1.0 S 8 8 50
Photon flux é)er unit density-Blue Sensitive plates, and 43004 Radiation = 4 x 1010
photons/cm

Mass of silver deposited for unit photographic density P = 1.1 X 10'4 g/cm2

Photographic Graine: diameter = 1 x 10-4 cm
area = 1078 cn2
mass =4 X lO‘lsg

Number of grains for unit photographic density = 2 x 108 gralns/cmz
Photographic Resolution in resolvable lines/mm

Fast emulsion = @5 hines/mm (Tri-X)
Process emulsions = 100 lines/mm (micro-film)
Special very slow emulsions = 500 lines/mm

Density of star image - 1 hour exposure on 103a-Q (fast Blue Plate)

logD =2logd-2log w-0.4 mpg - 0.7, where,

d = telescope objective dia. (inches)
w = image dia (cm) on plate
D = photographic density (assumed <1)
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Energy depth of Electron traps for latent image
E = 0.77 electron volts
Atmospheric Absorption

Absorption at visual resvonse for a fairly clear atmosphere =
0.21 mag/air mass

Absorption at photographic (103a-0) response for a fairly clear aimosphere =
0.44 mgg/air mass

Absorption for $-20 photocathode response for a fairly clear atmosphere =
0.15 to .017 mag/air mass for low temp targets.

The atmospheric transmission for S-20 for sun temperature targets is 75%
or 0.32 mag/air mass.

Faster films give poorer resolution (grain size), poorer grey scale, and
early reciprocity failure, and therefore are not suiied to accurate calibration and
measurement work.

It should always be remembered, however, th .t good film can never improve
performance that is limited by the optics involved though pretty pictures will be ob-
tained. Thus, the diffraction limit, circle of confusion, aberrations and color cor-
rection errors in the optics coupled with the existing atmospheric conditions are
usually the limits of performance, and the pretty pictures may not be as good as
short exposures with noisy electronic scanning (line' readout.

c. Electronic Recording on Plastic Tape

Recording units are available or are being develored using plastic tape.
These tapes can be grouped by the sensitive surface ""film''used to write on the

information:

a) Magnetic film with magnetic write and magnetic read-off.

b) Thermoplastic film with modulated ele.tron scan bcam write, and
optic read-off either as a visual image or a flying spot electronic
output.

c) Photographic film surface exposed by a modulated electron scan beam

or a Cathode Ray Tube image (Kinescope), and optic read-off either
as a visual image or a flying spot electronic output.

Each of these recording units is a complex device with advantages and dis-
advantages of operation, bandwidth, cost, processing time, playback registration,
and linearity, etc. Recording is a separate study area, with many bouks aad arti-
cles available.

D. LINEARITY AND REGISTRATION

The separation of target from background due to relative movement require
both the storage of images for some time period, and the ability to register the
present image element by element with the stored past image. The separation of
target from background due to relative position (stereo) requires the ability to
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register the station A image element by <lement with the station B image. So lin-
earity and registration of image orthicons and storage tubes are important considera-
tions, when evaluating the separation performance of hypothetical systems.

1. IMAGE ORTHICON

When comparing the images from two image orthicons, the registration problem
is one of matching linearities of the videc time versus image position. It is assumed
that synchronizing and image transfer problems give no error and there are no lens
linearity problems, when evaluating image orthicon linearity. There are time invari-
ant linearity problems which will be called linearity problems; there are also slowly
time varying changes of overall size and linearity which will be called stability prob-
lems.

has been in the area of studio color TV pickvp cameras. These color TV cameras
use three orthicons, and the present '"'one location" 3 orthicon registration preci-
sion should he obtainable with a 2 locations, 2 orthicon system. With the standard
3 high 4 wide aspect ratio: within a center diameter 8/9 of the total height, the
registration precision can be held to 1 part in 2400 or 0.042% of the vertice] height;
outside the 8/9 of total height diameter, the registration precision decreases to 1
part in 500 or 0.2% of the vertical height.

Improvements in registration performance are continuously being made. At
present, it is felt that the most serious problem is the mechanical tolerances of
the image orthicons. Another cause of misregistration now being studied is caused
by the target charge bending the beam. Since the beam velocity near the target is
almost zero, it can be deflecizd by the charge on the target (non-uniformly from
tube to tube). This phenomena is not fully understood.

Most of the development effort for image orthicon muitiple tube ''registration” i

The linearity problems of the image orthicon include the transfer of a visual
photocathode image to target charge pattern (Image Linearity), and time versus
target position of scanning beam (Scan Linearity).

Image linearity is primarily a function of the amplitude and end field direction
of the solenoid magnetic field used for beam focus, and the electrostatic lens used
to accelerate and focus photoelectrons on the target "film'. The major efiect of the
magnetic field on image focus is a DC size bias, or change of the average photo~
cathode to target size decrease. The major non-linearity of the image electrostatic
lens is S-shape geometric distortion The G6/PC (grid six/photocathode) voltage
ratio for minimum S-distortion is a «unction of the magnetic focus field shaping in
the image section. This ratic EGg/EpC for minimum distortion is approximately
0.8, with the normal focus magnetic field strength at photocuthode divided by field
strength at target ratio of 0.5. A 1% variation of FGg/EpC results in an S distor-
tion peak to peak of 0.5% of the picture height. See Figure II-44. An excellent
description of aperture response losses due to loss of focus, and registration lin-
earity problems, as a function of current and voltage regulation is found in an arti-
cle by K. Sadashige in the June 1962 issue of the Journal of the SMPTE, 'Stability
Criteria for Tclevision Camera Tubes''.

The scan linearity of an image orthicon is effected by the magnetic field versus
time relation of scan, beam bending due to target charge, beam bending due to met-
al target mounting ring, and flatface distortion which results in pincushioning {f the
magnetic scan field is a linear ramp function.
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Figure I1-44, S-Shape Geometric Distortion

For all of the above effects, the important consideration for target separation
is not the total deviation from true time-space linearity, but the lack of uniformity
between two individual image orthicons, or the misregistration. The registration
precision of color TV cameras has already been reported.

When using the time of target video during sweep to get target position in the
field of optical view, the time-space linearity does limit the accuracy of target lo-
cation. Thus linearity of sweep time versus photocathode image location does limit
orbital prediction accuracy, if the spacial coordinates are determined by measuring
target video time in respect to sweep time. The target mounting ring assembly is
made of magnetic material, which distorts the focus and sweep magnetic fields.

So for better time-space linearity it is desirable to limit scan sweep size, so the
beam comes no closer to the target ring than 10% of the target diameter at the cor-
ners of the scan.

2. STORAGE TUBES

When using a storage tube as an MTI unit, the registration problem is one of
matching the stored image element by element with the present image. Assuming
no image orthicon time stability problems, registration is then a question of write-
on to read-off registration of the storage tube. 'Will the write-on scan trace the
same path across the storage mesh as the read-off scan? With a single gun stor-
age tube using a continuous magnetic sweep, the linearity problems of both image
orthicon and storage tube sweeps should be cancelled .

Development work with one sirgle gun storage tube has shown there is a regis-
tration probiem between write-on and read-off scans. It is a repeatable misregis-
tration, as the following explanation will show, and it can be cancelled by program-
ming DC bias corrections in the scan systems, during the readout scan.

The electron optical system of QK-685 incorporutes an electrostatic collimating
lens system following deflection and preceding the image storage section of the tube.
The collimating lens system consists of the decelerator electrode and two cylindri-
cal aquadag bands (L1 & L2) coated inside the large diameter portion of the glass
envelope. The collimating lens system functions in conjunction with the high-voltage
accelerating anode to maintain beam focus as the beam is decelerated from the 3500
V anode potential, while also causing the deflected beam to be bent such that the
électrons approach the storage screen at (ideally) normal incidence. Since the
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storage screen is effectively shicided from the collimating lens region of the tube,
switching of storage screen potential between the various storage cycle anodes does
not affect focus, deflection sensitivity or linearity. However, if the electron paths,
as they enter the region between the decelerator and the storage screen are not
exactly aligned with the electric field in this region (i.e., perpendicular to storage
screen) there will be a lateral displacement of the electron paths which is propor-
tional to the potential difference between the storage screen and the decelerator.
This lateral shift is analogous to that experienced by a light beam obliquely incident
upon a plane parallel surfaced glass plate. Since the potential between the storage
screen and the decelerator is shifted from -460 volts during write to -740 volts for
the readout mode, it can be seen that the amount of lateral shift of the raster can
indeed be quite different for the two modes. Of course, if a QK-685 tube could be
ass2mbled with perfect alignment, especially as regards the storage screen and
decelerator being exactly perpendicular to the electron optical axis of the tube, no
misregistration would occur. Raytheon now places a specification of 1% on the
maximum allowable misregistration for production tubes. This would amount to
about five scan lines vertically for a 525 lines raster, which is of the same order
of magnitude we observed with our particular tube.

So the main problems to be solved when using a storage tube as an MTI system
to cancel a star background are:

1. The problem of electronic detection with minimum loss.

2. The non-uniform sensitivity of an image orthicon across the field of view.

3. The number of storage tubes required: (a) For short time {(seconds) im-
age storage, to separate with larger relative target velocities. (b) For
long time (minutes) image storage, tc separate star backgrounds with
small relative target velocities.
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SECTION Ill. METHODS TO MEASURE AND EVALUATE SEPARATION
TECHNIQUES

A. FACTORS OF SURVEILLANCE

This section outlings me of the methods for measurement and evaluation of
separation techniques to determine performance capability using modest equipment.
Some limited test results are included.

The majorfactors for a successful surveillance system are: 1) initia! detection
capability, 2) an adequate separation technique, -nd 3) processing of target informa-
tion and data for orhital prediction or other system requirement(s).

The earlier sections of this report have covered the factors effecting detection
and the trades open to the designer in producing a candidate svstem. Since the cou
ditions of the celestial background and the targets (size, orientation and velocity)
are not under the control of the designer, he must establish what these are (unless
given in the systems requirement}. and then trade between: 1) Iens Diameter,

2) Field of View and, 3) Image Time for attaining the required capability.

Having established the detection requirement, the designer is now concerned
with which of the separation techniques or combination (Hybrid Systems) best applies
to the threat presented for solution (height and brightness of targets to be separated,
etc.). Typical separation techniques are covered in Section IV.

The evaluation of a separation technique is based on its ahility to cancel stars
for the range of intensitics involved, and its retention of the targets vs its complexity
and economic value. How well this is done is measured in terms of the False Alarm
Rate and the Probability of Target Detection required by the specification or threat.

Factors effecting the False A]ar‘m Rate and Probability of Target Detection are:

1) Registration Errors
2) Direct Video and Stored Video Target Image Spread
3) Cancellation Range (Intensity ratio of stars that are cancelled)

4) Detection Loss - number of targets lost (not retained for processing), or
increase of image time to assure star cancellation.

5) Complexity of the Storage Technique or Comparison Technique Used

6) Length of Delay Time(s) used

7) Use of processing for additional target information and alarm analysis of
retained signals.

The output requiremer.t and ultimate purpose is next approached. In the case
of predictions, the compromise of high volume accurate data for orbit prediction
versus time to survey the sky for direct surveillance output, versus the minimal
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data needed for acquisition information for a higher accuracy (limited quantity of
tracks) precision track unit for better orbit prediction should be checked. Also an
cnalysis of degree of needed track data accuracy versus orbital inechanics (mathe-
matical equations, etc.) should be considered in the complete system synthesis.

Typical data requirement for orbital predictions are briefly covered in Section
V and the suggestions for future study outlined in Section VI.

The remainder of this section covers in more detail:

1) the factors effe~ting False Alarm Rate, Detection Probability, and Com-
plexity

2) measurement and test programs, using modest equipments

3) some limited imeasurements of various separation factors

4) hybrid separation system and

§) the detection of a target vs orbit height

B. EVALUATION OF SEPARATION TECHNIQUES

The fundamental criteria of a separation technique are: does it cancel all stars
(False Alarm Rate), does it retain all pertinent targets (Detection Probability), and
does it do it economically, that is within reasonable complexity? In applying these
criteria to the possible separation techniques, the contributing factors are measured
and compared against the results desired. The principle factors involved are briefly
outlined here.

1. FALSE ALARM RATE (% STARS NOT CANCELLED)

a. Film Catalog or "Permanent Storage' Image Cancellation Techniques

The factors effecting the ability to cancel when using a film negative at the
image pl